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FOREWORD 
The  work  described  herein  was  performed  by  the  General  Electric Mis- 
sile and  Space  Division  under NASA contract NAS 3-10604. The  objective  was 
to conduct an analytical  design  study  program  to  design a flight type electro- 
magnetic (EM) pump for  possible  use as a primary loop circulating pump in 
Rankine cycle  space  electric power systems. A. H. Powell  and G. E. Diedrich, 
Nuclear  Systems  Programs,  administered  the  program  for the General  Elec- 
tric Company. The  principal  contributors to the  program  were J. W. Gahan, 
pump analysis  and  design, J. S. Longo, mechanical  analysis, P. T.  Pileggi, 
winding and insulation  system  and stator design, and R. G. Rhudy, pump anal- 
ysis and  design; all are members of the  Large  Generator and Motor  Depart- 
ment. J.P. Couch of the Lewis Research Center, Space Power Systems 
Division,  was  the NASA Project  Manager  for  the  program.  The  report  was 
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I. SUhlhNRY 
The General Electric Company, under  Cont rac t  NAS 3-10604 to t h e  
Nat . iona1 Aeronaut ics  and Space Adminis t ra t ion,  has completed a des ign  
s t u d y  program to determine the optimum design and related d e t a i l s . o f  
a n  e l e c t r o m a g n e t i c  pump f o r  u s e  as a p r i m a r y  l o o p  c i r c u l a t i n g  pump in 
a space  e lectr ic  powerplant .  A s p e c i f i c  a p p l i c a t i o n  rated a t  30 lb/sec 
f low rate, 20 p s i  developed  head, 2100°F l i t h i u m  was cons ide red .  
F o r  t h i s  s p e c i f i c  p r i m a r y  l o o p  a p p l i c a t i o n  i t  was n o t  immediately 
obvious  which t y p e  of pump would   be   mos t   su i tab le .   Therefore ,  the 
design s tudy program was i n i t i a t e d  a n d  i n v o l v e d  two ma jo r  t a sks :  
Task 1. Pre l imina ry  des ign  of s e v e r a l  t y p e s  o f  EM pumps f o r  
the  p r i m a r y  l o o p  a p p l i c a t i o n .  
Task 2.  S e l e c t i o n  o f  m o s t  s u i t a b l e  t y p e  a n d  f i n a l  detailed 
des ign  of  t he  s e l e c t e d  t y p e .  
F ive  types  were c o n s i d e r e d  i n  Task 1, i n c l u d i n g  a DC conduct ion,  
AC s i n g l e  p h a s e  i n d u c t i o n ,  a t h r e e - p h a s e ,  f l a t  l i n e a r  i n d u c t i o n ,  
a n n u l a r  l i n e a r  i n d u c t i o n ,  a n d  h e l i c a l  i n d u c t i o n  d e s i g n .  Based on a 
d e t a i l e d  e v a l u a t i o n  a n d  c o m p a r i s o n  o f  each o f  t h e s e  t y p e s ,  f a c t o r i n g  
i n  r e l i a b i l i t y ,  e f f i c i e n c y ,  weight a n d  f a b r i c a b i l i t y ,  the three-phase  
h e l i c a l  i n d u c t i o n  EM pump was s e l e c t e d  f o r  t h e  detailed design (Task 
2) f o r  t h i s  s p e c i f i c  p r i m a r y  l o o p  a p p l i c a t i o n .  T h i s  pump type  is 
ext remely  reliable, has r easonab le  weight, r e l a t i v e l y  high e f f i c i e n c y  
a n d  o v e r a l l  p r o v e n  f e a s i b i l i t y  a n d  p e r f o r m a n c e .  S e v e r a l  c o n c e p t  vari-  
a t i o n s  a n d  a r r a n g e m e n t s  f o r  the basic helical EM pump were cons ide red  
and  eva lua ted .  E f f i c i ency  was opt imized  as far as p o s s i b l e .  
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Tne s p e c i f i c  d e s i g n  established c o n s i s t s  of a canned ,  hermet ica l ly  
sealed s t a t o r  f i l l e d  w i t h  a r g o n  gas as a heat t r a n s f e r  medium, and a 
duc t  with c e n t e r  r e t u r n  f l e w .  T h e  d u c t  w i l l  o p e r a t e  i n  a vacuum envi -  
ronment  i so la ted  f rom the stator r e g i o n  by a t h i n  metal c a n  i n  t h e  
s t a t o r  b o r e .  The pump is des igned  fo r  ope ra t ion  f rom a 25 Hz power 
supp ly .  A t  approximate ly  120V i t  will p r o d u c e  r a t e d  o u t p u t  of 30 lb/sec, 
20 p s i ,  with  2100°F l i thium. The pump is capab le  of o p e r a t i n g  c o n t i n u -  
o u s l y  a t  i ts  rated p o i n t .  I t  i s  a l s o  capable of o p e r a t i o n  o v e r  a range 
of l i thium input  temperatures  f rom 1900°F to 2200°F and a range  of 
f low rates a t  developed pressures ,  f rom 10 l b / s e c  a t  40 p s i  to  35 l b / s e c  
a t  10 p s i .  The f i n a l  d e s i g n  is b a s e d  u p o n , a n  i n l e t  p r e s s u r e  o f  20 p s i a .  
T h e  d e s i g n  u t i l i z e s  h i g h  t e m p e r a t u r e  s t r u c t u r a l ,  electrical, mag- 
net ic  a n d  i n s u l a t i o n  materials to  p e r m i t  o p e r a t i o n  of the  comple te  pump 
a t  environment   emperatures   above  800°F.   The  lectromagnet ic  stator 
and  center  magnet ic  core  are cooled  wi th  Nag a t  800°F and are des igned  
t o  o p e r a t e  a t  tempera tures  up to 1200°F hot  spot  th rough the  use of 
n i c k e l - c l a d  s i l v e r  wire wi th  h igh  t empera tu re  b razed  jo in t s ,  H ipe rco  
27 magnet ic  material, and a comple t e ly  ino rgan ic  electrical i n s u l a t i o n  
system. The duct can hand le  l i t h ium up  to  2200'F and is made of T-111 
r e f r a c t o r y  metal a l l o y .  
Design layouts  and performance characteristics of each  type  of  EM 
pump cons ide red  i n  Task 1 are p resen ted .  A d e s c r i p t i o n  o f  t h e  f i n a l  
d e t a i l e d  d e s i g n  as  well as many of the d e t a i l e d  c a l c u l a t i o n s ,  p l u s  
d i s c u s s i o n  of the performance and several deqign parameters are also 
i n c l u d e d .  T h e  f i n a l  pump is approximately 50" long  and  16" i n  diameter. 




An extens ive  research  program inves t iga t ing  all types of EES pumps 
f o r  s e v e r a l  d i f f e r e n t  s p a c e  a p p l i c a t i o n s  was conducted  wi th  resu l t s  
repor ted  in  Reference  1. A f u r t h e r  detailed des ign  s tudy  program to 
e s t a b l i s h  a pract ical ,  opt imum,hel ical  type EM pump des ign  fo r  u se  as 
a Boiler  Feed Pump i n  a space powex system was conducted with the results 
r epor t ed  in  Refe rence  2. Such a pump is now being developed and bui l t  
under Contract NAS 3-9422. 
I n  a d d i t i o n ,  many commercial Ehl pumps have been developed, designed 
a n d  b u i l t  f o r  l i q u i d  metal test fac i l i ty  loops  and  sodium cooled  nuc lear  
powerplants. A l l  these pumps h a v e  e x h i b i t e d  e x c e l l e n t  r e l i a b i l i t y  a n d  
performance. Extensive development work has  a lso been done on high 
temperature materials fo r  u se  in  space  app l i ca t ions  such  as EM pumps, 
as r epor t ed  i n  References 3 through 7. 
Based on this background i t  is f e a s i b l e  t o  c o n s i d e r  t h e  u s e  of an  
EM pump f o r  t h e  p r i m a r y  l o o p  c i r c u l a t i n g  pump i n  a Rankine cycle, space 
electric power system. 
A COmpTehenSiVe a n a l y t i c a l  d e s i g n  s t u d y  t o  e s t a b l i s h  the s p e c i f i c  
EM pump des ign  fo r  a pr imary  loop  appl icat ion was conducted. Pump 
des ign  spec i f i ca t ions  inc luded :  
Design  Point  Off-Design Range 
Fluid  Temperature, OF 2100 1900 - 2200 
Lithium Flow Rate,  lb/sec 30 10 - 35 
Pressu re  Rise, p s i  20 40 - 10 
I n l e t  Pressure ,   ps ia  20 20 - 30 
NaK Coolant  Temperature, OF 800 700 - 900 
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Material r e q u i r e m e n t s  i n c l u d e :  
Duct - T-111 Alloy 
Magnet ic  Material - Hiperco  27 
Conductor Material - N i c k e l - c l a d  s i l v e r  (20% area is N i )  
Electrical Ground  Insu la t ion  - High P u r i t y ,  99.5% Alumina 
I n t e r l a m i n a r  I n s u l a t i o n  - Plasma Sprayed Alumina 
To d e t e r m i n e  t h e  b e s t  d e s i g n  w i t h i n  these requ i r emen t s  i t  was necessa ry  
t o  f i r s t  e s t a b l i s h  t h e  m o s t  s u i t a b l e  t y p e  o f  EM pump for t h i s  s p e c i f i c  
a p p l i c a t i o n .  As a r e s u l t  t h e  d e s i g n  s t u d y  was d i v i d e d  i n t o  two s e p a r a t e  
t a s k s  as f o l l o w s :  
Task 1. 
Task 2. 
P r e l i m i n a r y  d e s i g n  o f  s e v e r a l  EM pump t y p e s ,  i n c l u d i n g  
h e l i c a l  i n d u c t i o n ,  f l a t  l i n e a r  i n d u c t i o n ,  a n n u l a r  l i n e a r  
i n d u c t i o n ,  d i r e c t  c u r r e n t  a n d  s i n g l e  p h a s e  i n d u c t i o n .  
S e l e c t i o n  of m o s t  s u i t a b l e  t y p e  after rev iew of a l l  data 
a n d  d e t a i l e d  d e s i g n  o f  t h e  p r e f e r r e d  t y p e  o f  pump. 
To p r e p a r e  a p r e l i m i n a r y  d e s i g n  o f  e a c h  EM pump type which 
r e p r e s e n t s  t h e  b e s t  b a l a n c e  o f  d e s i g n  ( c o n s i d e r i n g  r e l i a b i l i t y ,  e f f i -  
c i e n c y  a n d  weight) s e v e r a l  h u n d r e d  d e s i g n  v a r i a t i o n s  were c o n s i d e r e d  
a n d  e v a l u a t e d .  A limited number  o f  p re l imina ry  des ign  l ayou t  d rawings  
were also p r e p a r e d .   T h e   b e s t   p r e l i m i n a r y   d e s i g n s  were compared,  and 
f r o m  t h e s e  t h e  m o s t  s u i t a b l e  t y p e  was s e l e c t e d  for  d e t a i l e d  d e s i g n .  
The design work included comprehensive electrical, mechanical ,  thermal ,  
a n d  h y d r a u l i c  a n a l y s i s  o f  the f ina l  d e s i g n ,  s e l e c t i o n  of t h e  materials, 
a n d  p r e p a r a t i o n  of f ina l  d e s i g n  l a y o u t  d r a w i n g s  which can be used as 
a b a s i s  f o r  m a n u f a c t u r i n g  d r a w i n g s .  
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I. 
I I I . PRELIMINARY  DESIGN  CONCEPTS 
During  the  initial  design  phase  several  types  of Eb¶ pumps,  all 
with  fluid  inlet  and  outlet at opposite  ends  of  the  pump,  were  consi- 
dered  for  the  primary  loop  application.  Preliminary  designs  were 
established  and  performance  was  calculated  for  each type. These  were 
carefully  compared  to  aid in  selecting the  preferred  type lor final 
detailed  design  and  optimization. The specific  types  considered,  which 
will be  discussed  in  some  detail,  were: 
A. Three-phase Induction Pumps 
1. Helical Induction 
2.  Flat Linear Induction 
3. Annular Linear Induction 
B .  D.C. Conduction Pump 
C.  Single-phase  Induction 
A. THREE-PHASE INWCTION PUMPS 
The  principal  design  guides  used to establish  the  most  optimum 
preliminary  design  for  all  three-phase  induction  pumps are as follows: 
1. Allowable  design  stress  in  the T-111 duct is 3000 psi, at 
the  maximum  temperature of 2200'F. 
2. The hydraulic  loss  should  be  less  than 6 psi (30 percent  of 
the  developed head). 
3. Average  temperature  rise  of  the  winding  should  be  kept  under 
275OF; closer  to 20O0F if possible  for  improved  reliability 
5 
and performance.  
4 .  Hot spot t empera tu re  rise of the winding   should  be kep t   unde r  
400°F; closer to 300°F i f  possible fo r  improved  r e l i a b i l i t y  
and performance.  
5. E f f i c i e n c y   a n d   r e l i a b i l i t y  are  t h e   p r i n c i p a l   c o n s i d e r a t i o n s ;  
weight  i s  i m p o r t a n t   b u t   n o t   q u i t e  as c r i t i c a l .  There  i s  
n a t u r a l l y  a judgment factor as to the r e l a t i v e  degree of 
impor tance  that is attached to t h e s e  items. I n   g e n e r a l ,   a n  
a t t e m p t  was made t o  o p t i m i z e  e f f i c i e n c y  a n d  m a x i m i z e  reliabi- 
l i t y  (which i n c l u d e s  m a n u f a c t u r i n g  p r o d u c i b i l i t y  of the pump). 
I n  the f i n a l  c o m p a r i s o n ,  weight was f a c t o r e d  i n  q u a n t i t a t i v e l y  
by a weight-power trade off factor  of 100 lb/kW i n p u t .  
6 .  I n i t i a l  c a l c u l a t i o n s  were based o n  c o n d u c t o r  r e s i s t i v i t y  i n  
the range   o f   2 .13  - 2 . 2 2   i n .   T h i s   t u r n e d   o u t  t o  be too 
o p t i m i s t i c  based on c a l c u l a t e d  w i n d i n g  t e m p e r a t u r e  rise and 
NaK coo lan t  t empera tu re ,  bu t  was s u i t a b l e  for  r e l a t i v e  com- 
p a r i s o n  p u r p o s e s .  F i n a l  c a l c u l a t i o n s  were made wi th  a resis- 
t i v i t y   o f   2 . 3 2   i n .   w h i c h  is  t h e   v a l u e   f o r   n i c k e l - . c l a d  
s i l v e r  wire a t  1050°F average  tempera ture .  
T h e r m a l  i n s u l a t i o n  s u r r o u n d i n g  t h e  d u c t  to  have a t h i c k n e s s  
o f  0.180 i n .  
To max imize  e f f i c i ency  and  keep  wind ing  t empera tu re  rise low, 
c u r r e n t  d e n s i t i e s  s h o u l d  be k e p t  less t h a n  3000 A/in . 2 
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1. Three-phase Helical Induct ion  
Pe r fo rmance  ca l cu la t ions  were made for a v a r i e t y  of d e s i g n s  f o r  t h e  
he l i ca l   i nduc . t i on  EM pump. Important   parameters   such as f r e q u e n c y ,   f l u i d  
v e l o c i t y ,  stator Dore diameter  and length,  "s l ip ,"  etc were v a r i e d  o v e r  
wide  ranges to e s t a b l i s h  p r e f e r r e d  v a l u e s .  T h i s  r e s u l t e d  i n  two s p e c i f i c  
pre l iminary  des igns  f o r  t h e  h e l i c a l  i n d u c t i o n  EM pump which were con- 
s i d e r e d  to  be t h e  best fo r  comparison  purposes. One d e s i g n  was for 
60 Hz; t h e  o t h e r  for  25 H z .  The 25 H z  des ign  has  a l i t t l e  better per- 
formance and is a l i t t l e  s h o r t e r ,  b u t  has a larger diameter and is a 
l i t t l e  h e a v i e r   o v e r a l l .  However, a s ign i f i can t   advan tage   o f   t he  25 Hz 
i s  t h a t  i t  has a larger bore diameter, a n d  h e n c e  l e n d s  i t s e l f  better 
t o  a cen te r  r e tu rn  f low des ign .  Th i s  allows t h e  i n l e t  a n d  o u t l e t  
connect ions t o  be made a t  t h e  same end  of   the  pump. This  means t h e  
s t a t o r  c o u l d  b e  removed  from the  duc t  w i thou t  cu t t i ng  the T-111 primary 
loop,  which i s  a v e r y   d e s i r a b l e   f e a t u r e .   I n   a d d i t i o n ,   t h e r m a l  stresses 
are  reduced due to  the  un res t r a ined  ax ia l  t he rma l  expans ion  o f  t he  duc t .  
A cen te r  r e tu rn  f low p ipe  canno t  be i n c o r p o r a t e d  i n t o  t h e  smaller d i a -  
meter 60 Hz des ign .  
F igures  1 and 2 i l l u s t r a t e  the 25 Hz and 60 Hz p r e l i m i n a r y  h e l i c a l  
d e s i g n s   r e s p e c t i v e l y .   P e r f o r m a n c e   c h a r a c t e r i s t i c s   f o r   t h e s e  two des igns  
are shown i n  T a b l e  I .  Performance  curves   over  a range  of   vol tages   and 
f r e q u e n c i e s  are p r e s e n t e d  i n  F i g u r e s  3, 4, 5 and 6. 
The h e l i c a l  EM pump has many d e s i r a b l e  f e a t u r e s ,  i n c l u d i n g  h i g h  
r e l i a b i l i t y ,  d e m o n s t r a t e d  p e r f o r m a n c e  i n  l a n d  a n d  m a r i n e  i n s t a l l a t i o n s ,  
and good e f f i c i e n c y  as compared to  o t h e r  EM types  of pumps. I t  tends  
t o  be a l i t t l e  l a r g e r  a n d  h e a v i e r  t h a n  some of t he  o the r  t ypes ,  bu t  
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some improvement i n  w e i g h t  c a n  b e  r e a l i z e d  a t  the  expense  of complica- 
t i o n s '  i n  m a n u f a c t u r e .  T h e  h e l i c a l  pump is t h u s  v e r y  p r o m i s i n g  f o r  t h i s  
a p p l i c a t i o n .  
2 .  F l a t   L i n e a r   I n d u c t i o n  ~~~ ~ 
A v a r i e t y  of d e s i g n s  f o r  a f l a t  l i n e a r  i n d u c t i o n  W pump were 
cons ide red  and  eva lua ted .  A paramet r i c  ana lys i s  and  pe r fo rmance  cal- 
c u l a t i o n s  were made over  wide  ranges  for  many of t h e  v a r i a b l e s  w h i c h  
a f f e c t   p e r f o r m a n c e .  The most p r o m i s i n g   p r e l i m i n a r y   d e s i g n   f o r  a f l a t  
EM pump was e s t a b l i s h e d   a n d  i s  i l l u s t r a t e d  i n  F i g u r e  7 .  I t s   p e r f o r m a n c e  
c h a r a c t e r i s t i c s  are  shown i n  T a b l e  2. Per formance   curves   over  a range 
o f  v o l t a g e s  a n d  f r e q u e n c i e s  are p l o t t e d  i n  F i g u r e s  8 and 9.  The 
e f f i c i e n c y  o f  t h e  f l a t  EM p u p  is  g r e a t l y  a f f e c t e d  by zhe  duc t  wall 
t h i c k n e s s .  The p e r f o r m a n c e  c h a r a c t e r i s t i c s  r e p o r t e d  are based on a 
0.04 i n .  t h i c k  d u c t  wall which is a b o u t  t h e  minimum p r a c t i c a l  v a l u e .  
A t  t h i s  t h i c k n e s s  t h e  e f f i c i e n c y  is n o t  s i g n i f i c a n t l y  b e t t e r  t h a n  the 
o t h e r  t y p e s  o f  pumps. 
A l though  the  e l ec t romagne t i c s  o f  a f l a t  EM pump are u t i l i z e d  more 
e f f e c t i v e l y  t h a n  t h e  o t h e r  p o l y p h a s e  t y p e s ,  t h e  o v e r a l l  w e i g h t  is more 
b e c a u s e  o f  t h e  a d d i t i o n a l  s t r u c t u r a l  r e i n f o r c e m e n t  r e q u i r e d  -to s u p p o r t  
t h e  f l a t  d u c t .  The f l a t  d u c t  is n o t  s e l f - s u p p o r t i n g  l i k e  t h e  c y l i n d r i c a l  
d u c t  geometries, b u t  is backed  up by t h e  f l a t  stators f o r  s u p p o r t .  
Hence t h e  f l a t  d u c t  is n o t  a n  ideal p res su re  ves se l ,  wh ich  is one  of  
t h e  most l i m i t i n g  f e a t u r e s  of t h e  f l a t  pump. 
However, because of  i ts good ca lcu la ted  per formance ,  ease o f  
s ta tor  and  w . ind ing  des ign  and  demons t r a t ed  ope ra t ing  expe r i ence  in  
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o t h e r  a p p l i c a t i o n s ,  i t  is a c a n d i d a t e  for  t h i s  ( p r i m a r y  l o o p )  a p p l i c a t i o n  
a n d  r e q u i r e s  c a r e f u l  c o n s i d e r a t i o n  a n d  c o m p a r i s o n  w i t h  t h e  o t h e r  t y p e s .  
3. Annular   Linear   Induct ion 
A l a r g e  v a r i e t y  of des igns  were also analyzed for t h e  a n n u l a r  
l i n e a r  i n d u c t l o n  t y p e  of EM pump. The b e s t  p r e l i m i n a r y  a e s i g n  estab- 
l i s h e d  i s  i l l u s t r a t e d  i n  F i g u r e  10. P e r f o r m a n c e  c h a r a c t e r i s t i c s  f o r  
t h i s  d e s i g n  are l i s t e d  i n  T a b l e  3, and performance curves for  a range 
of  vol tages  and frequencies  are shown i n  F i g u r e s  11 and 12. 
The a n n u l a r  pump is l i g h t e s t  i n  w e i g h t  a n d  has t h e  s i m p l e s t  d u c t .  
I t s  s tator,  however,  involves a c o n s i d e r a b l e  number of  unknowns and 
r e l i a b i l i t y  r i s k s .  I t  has t h e  most complicated statGr c o n s t r u c t i o n  a n d  
t h u s  p r e s e n t s  a d d i t i o n a l  f a b r i c a t i o n  unknowns which must be factored i n t o  
the  compar i son  wi th  o the r  t ypes .  On a n  e f f i c i e n c y  p e r  pound basis i t  
a p p e a r s  s l i g h t l y  better than  the  o the r  po lyphase  types .  
B . " DC- CONDUCTION PUMP 
The DC conduct ion pump has been  s tud ied  by many i n v e s t i g a t o r s ,  a n d  
analyses  of  performance of such pumps have  been  pub l i shed  in  seve ra l  
r e f e r e n c e s  (refer to 1, 8 and 9 ) .  The a n a l y s e s  g i v e n  i n  R e f e r e n c e  1 
have been programmed for  compute r  so lu t ion ,  and  the  des ign  ca l cu la t ions  
r e p o r t e d  h e r e  were genera ted  by t h e  u s e  of t h i s  program. 
The DC conduct ion pump c o n f i g u r a t i o n  e v a l u a t e d  for the  pr imary  
c o o l a n t  l o o p  a p p l i c a t i o n  is similar to that i l l u s t r a t e d  i n  F i g u r e  13. 
Performance calculat ions have Peen made for des igns  us ing  0.5, 1, 1.5. 
2, and 2 . 5  t u r n s  o f  t h e  series exc i t ing   winding .  The des igns   havlng  
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a n  i n t e g r a l  number of t u r n s  are assumed to  be f u l l y  compensated, and 
those having a non- in t eg ra l  number of t u r n s  are uncompensated.  Approxi- 
mate "optimum des igns"  were d e r i v e d  for each number of t u r n s .  The 
pr incipal  dimensions and performance characteristics for the best 
p re l imina ry  des ign  ( 1 . 5  t u r n s )  are shown i n  T a b l e  4 .  S i g n i f i c a n t  
des ign  gu ides  used  in  the  s e l e c t i o n  of va r ious  des ign  pa rame te r s  are: 
1. 
2.  
3 .  
4 .  
5 .  
The f l u x  d e n s i t y  i n  the magnet is 15.5 k i l o g a u s s .  
The c u r r e n t  d e n s i t y  i n  the series winding is 6,000 A/in , and 
the r e s i s t i v i t y  of t he  conductor  is2.22 &n. 
2 
The duc t  wall th i ckness  is 0.05 i n .  
The thermal i n s u l a t i o n  o n  either s i d e  of the duc t  is 0.125 in. 
A t o t a l  of three i n s u l a t i n g  flow s p l i t t e r s  is used a t  either 
end of the  duc t  t o  r educe  the magnitude of the c u r r e n t  f r i n g i n g  
from the  e l e c t r o d e s  i n t o  the l i q u i d  metal o u t s i d e  the pumping 
r eg ion .  
The data of Table 4 i n d i c a t e  a n  e f f i c i e n c y  of 19 percen t ,  for 
t h e  pump hav ing   1 -1 /2   t u rns   i n  the  e x c i t i n g  w i n d i n g .  Weight v a r i e s  
d i r e c t l y  w i t h  the number o f  t u r n s  i n  the  exc i t ing  winding .  Approximate ly  
t h e  same c u r r e n t  is r equ i r ed  fo r  each  des ign  cons ide red .  The  gap  f lux  
d e n s i t y  is least for the half t u r n  d e s i g n ,  i n c r e a s i n g  w i t h  the number 
o f  t u r n s  for the o the r  des igns  cons ide red .  
As is usua l  i n  such  compar i sons  of d i f f e r e n t  t y p e s  o f  EM pumps, 
t he  e f f i c i e n c y  for a X pump is h i g h e r  t h a n  tha t  c a l c u l a t e d  for o t h e r  
pump types .  The n e g a t i v e  f e a t u r e s  of t h e  conduct ion pumps are asso- 
ciated p r i n c i p a l l y  with the  conduct ion   pa th .   These   inc lude  the  fo l lowing :  
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1. The jo in t  be tween  the  exc i t i ng  wind ing  and  the  duc t  poses  an  
e x t r e m e l y  d i f f i c u l t  f a b r i c a t i o n  p r o b l e m .  The a t t a inmen t   o f  
a t t r a c t i v e  e f f i c i e n c y  r e q u i r e s  t h e  u s e  of a material of high  
electrical  c o n d u c t i v i t y  f o r  the  exc i t i ng  wind ing  wh i l e  t he  ducL 
material must  be a r e f r a c t o r y  metal (T-111 a l l o y ) .  The  duct 
tempera ture  exceeds  the  mel t ing  poin t  of a t t r a c t i v e  c o n d u c t o r  
materials. Thus two choices  are a v a i l a b l e .   E i t h e r   a n   i n f e r i o r  
conduct ing material is used for t h e  series winding,  with a 
s e r i o u s  r e d u c t i o n  i n  e f f i c i e n c y ,  or a good conductor is used 
for t he  exc i t i ng  wind ing ,  and  the  jo in t  to t h e  d u c t  m a t e r i a l  
is cooled. A s a t i s f a c t o r y  s o l u t i o n  to  t h i s  problem i s  not 
p r e s e n t l y  a v a i l a b l e .  
2. Means o f  l i m i t i n g  f r i n g i n g  c u r r e n t  a t  the   duc t   ends  are 
necessary  to  t h e  a t t a i n m e n t  o f  a t t r a c t i v e  e f f i c i e n c y .  E i t h e r  
i n s u l a t i n g  f l o w  s p l i t t e r s  a t  t h e  e n t r y  a n d  e x i t  o f  t h e  d u c t  
(see Figure  13) or s e v e r a l  s e p a r a t e  e n t r y  a n d  e x i t  f l o w  pas- 
s a g e s  i n  p a r a l l e l  c o n n e c t i n g  to t h e  d u c t  a p p e a r  t o  be appro- 
p r i a t e .   W h i l e   t h e s e   c o n s t r u c t i o n s  are be l ieved  to be 
feasible,  they  compl ica te  the  duc t  and  in t roduce  stress 
concent ra t ions  which  tend  to r e d u c e  d u c t  r e l i a b i l i t y .  
3. The curren t   and   vo l tage   combina t ion   requi red   (approximate ly  
20,000 amperes and 1 v o l t )  is  completely incompatible  with a 
l i g h t w e i g h t ,   e f f i c i e n t ,   a n d   e a s i l y   c o n t r o l l a b l e  power condi- 
t i o n i n g   s y s  tem. 
I n  summary, t h e  DC conduct ion EM pump r e m a i n s  a t t r a c t i v e  i n  t h e o r y  
a n d  c o n c e p t ,  b u t  v e r y  u n a t t r a c t i v e  i n  p r a c t i c e  a n d  is cons idered  much 
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less p romis ing  fo r  t he  p r imary  coo lan t  l oop  app l i ca t ion  than  the  AC 
induct ion  types  of pumps. 
C .  SINGLE PHASE INDUCTION 
.~ - 
The s ingle  phase  induct ion  e lec t romagnet ic  pump was s t u d i e d  by 
Watt (Reference 19) i n  1953. Verkamp and Rhudy (Reference 1) conceived 
several  modified forms of the configuration proposed by Watt and reported 
ca l cu la t ed  pe r fo rmance  da ta  fo r  a pump of t h i s  t y p e  i n  t h e  p r i m a r y  
c o o l a n t  l o o p  a p p l i c a t i o n  i n  a space power  system. A c a l c u l a t e d  e f f i c i e n c y  
of  8 percent  was repor ted  for a r a t i n g  o f  40 lb/sec, 6 p s i ,  l i t h i u m  
a t  1700'F. Schwirian  (Reference 20) per formed an  ana lys i s  of the  per -  
formance of s ing le  phase  induct ion  pumps of t h e  t y p e s  d e s c r i b e d  i n  
Reference 1. He  r e p o r t s  a c a l c u l a t e d  e f f i c i e n c y  of about  14  percent 
f o r  a r a t ing   o f   10 .3  lb/sec, 14.5 p s i ,  l i t h i u m  a t  1200'F. However, he 
neg lec t ed  lo s ses  d u e  to c u r r e n t  i n  t h e  f lu id  and  duc t  walls o u t s i d e  t h e  
pumping region, assuming that they could be el iminated by ca re fu l  des ign .  
This  does not  appear  feasible .  
A s ing le  phase  induc t ion  pump conf igura t ion  is i l l u s t r a t e d  i n  
F igure  14. 
Performance calculations have been made f o r  a va r i e ty  o f  
designs of t h e  g e n e r a l  t y p e  i l l u s t r a t e d  i n  F i g u r e  1 4  for the primary 
coolan t  pump r a t i n g   o f  30 lb/sec, 20 p s i ,  2100°F l i thium.  Prel iminary 
"optimum designs" were der ived fo r  f ive   f r equenc ie s :  15, 30, 60,  120, 
and 240 Hz. The pr inc ipa l  d imens ions  and  per formance  charac te r i s t ics  
f o r  t h e  best prel iminary design (60 Hz)are shown i n  T a b l e  5. S igni -  
f i can t  des ign  gu ides  used  In  the  se l ec t ion  o f  va r ious  des ign  pa rame te r s  





4 .  
5.  
6. 
7 .  
8 .  
The peak f l u x  d e n s i t y  i n  t h e  m a g n e t i c  c o r e  is 16 .8  k i logauss .  
The c u r r e n t  d e n s i t y  i n  t h e  e x c i t i n g  c o i l  is 4000 A/in . 2 
The r e s i s t i v i t y   o f   t h e   e x c i t i n g  coil  conduct ion is 2.22   in .  
which 4 s  based on an average winding temperature of 1000'F. 
The al lowable design stress in t h e  d u c t  wall is 3000 p s i .  
The  geometr ic  parameter  for  the  permeance  of  the  exc i t ing  
coil  is 2 i n . / i n  . 2 
I n s u l a t i n g  b a f f l e s  are u s e d  i n  t h e  h e a d e r s  a t  e i t h e r  e n d  o f  
t he  annu la r  duc t .  The r e s i s t ance  o f  each  o f  t he  heade r s  (wi th  
t h e i r  i n s u l a t i n g  b a f f l e s )  is 0.0005 ohms. 
The thermal  insu la t ion  sur rounding  the  duc t  has  a th i ckness  
of  0 .125  in .  
The hydrau l i c  loss in a l l  u n i t s  is 5 p s i .  
The da ta  of  Table  5 i n d i c a t e s  a n  e f f i c i e n c y  o f  6 .4  p e r c e n t .  I n  g e n e r a l  
t he  e f f i c i ency  does  no t  va ry  s ign i f i can t ly  wi th  f r equency .  S i ze  and  
we igh t  dec rease  r ap id ly  wi th  inc reas ing  f r equency .  The  power loss i n  
the  headers  a t  the  ends  of  the  duc t  is of  major  proport ions,  on the 
order  of  about  35  kW. Each header  cons t i tu tes  a conduct ing loop around 
t h e  f l u x  c a r r y i n g  c o r e .  I f  power loss i n  t h e  h e a d e r  c o u l d  b e  e l i m i n a t e d ,  
t h e  e f f i c i e n c i e s  would  approach 15 percen t .  The c a l c u l a t i o n s  are based 
on a r e s i s t a n c e  o f  0.0005 ohms t h rough  the  heade r s .  Whi l e  th i s  f i gu re  
is somewhat a r b i t r a r y ,  i t  is b e l i e v e d  t o  b e  r e p r e s e n t a t i v e  of t h e  
r e s i s t a n c e  a t t a i n a b l e  i n  a p r a c t i c a l  design. 
The most s ign i f i can t  advan tages  and  d i sadvan tages  of t h e  single 
phase  induc t ion  pump are as fo l lows:  
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Advantages : 
1. T h e   c o n f i g u r a t i o n  is compact,   and pump weight  is r e a s o n a b l e .  
2. The duct  is c y l i n d r i c a l  i n  form and may be made s e l f - s u p p o r t i n g  
w i t h  r e s p e c t  to  i n t e r n a l  p r e s s u r e .  
3. T h e  e x c i t i n g  co i l  is s i m p l e   a n d   c o m p a c t ,   r e l a t i v e l y  remote 
from t h e  h o t  d u c t ,  a n d  well s u i t e d  to  l i q u i d  c o o l i n g .  
Disadvantages : 
1. The pump is a t  a v e r y   e a r l y  stage of development.   Performance 
has  not  been  demonst ra ted .  
2.  The  duct i s  ext remely   complex   in  form, r e q u i r i n g  a l a r g e  
number o f  h y d r a u l i c  c o n n e c t i o n s  a n d  i n t e r n a l  i n s u l a t e d  b a f f l e s  
(or t h e  e q u i v a l e n t )  to c o n t r o l  t h e  electrical  losses. 
3 .  The  developed  pressure is  p u l s a t i n g ,  w i t h  a peak   va lue   approxi -  
mat ing twice t h e  a v e r a g e  v a l u e  a n d  a p u l s a t i o n  f r e q u e n c y  of 
twice t h e  power supp ly  f r equency .  
4 .  The pump c o n s t i t u t e s  a s ing le   phase   l oad ;   hence ,  is less 
a t t r a c t i v e  t h a n  a polyphase load,  f rom a power  supply and 
power c o n d i t i o n i n g  view p o i n t  i n  a s p a c e  power system, 
5 .  The e f f i c i e n c y  is c o n s i d e r a b l y  less t h a n   t h a t   f o r   o t h e r   t y p e s  
of EM pumps. 
I n  summary, w h i l e  t h e  s i n g l e  p h a s e  i n d u c t i o n  EM pump h a s  some 
a t t r a c t i v e  f e a t u r e s ,  i t  remains much less promis ing  for  the  p r imary  
c o o l a n t  l o o p  a p p l i c a t i o n  t h a n  some of t h e  more h ighly  deve loped  poly-  
p h a s e  i n d u c t i o n  pumps. 
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D . OVERALL  COMPARISON "- AND EVALUATION 
~ ~~ 
Eva lua t ion  of t h e  s i n g l e  p h a s e  a n d  DC types  of EM pumps i n d i c a t e s  
t h a t  t h e s e  are less a t t r a c t i v e  t h a n  t h e  p o l y p h a s e  i n d u c t i o n  t y p e s  ( h e l i -  
cal ,  f l a t  a n d   a n n u l a r )  for  the   p r imary   l oop   app l i ca t ion .   The re fo re ,  
t hese  two types  were e l i m i n a t e d  from fu r the r  cons ide ra t ion .  Based  on  
th i s ,  subsequent  compar ison  and  eva lua t ion  was restricted to  t h e  h e l i c a l ,  
f l a t , a n d  a n n u l a r  t y p e s  of EM pump. The p r i n c i p a l  f a c t o r s  c o n s i d e r e d  i n  
th i s  eva lua t ion  and  compar i son  inc lude :  
1. R e l i a b i l i t y  
2 .  E f f i c i e n c y  - power i n p u t  
3. P r o d u c i b i l i t y  
4 .  Size   and   we igh t  
D e t a i l e d  c o m p a r i s o n  o f  t h e  t h r e e  p o l y p h a s e  t y p e s  a c t u a l l y  r e s u l t s  
i n  r e l a t i v e l y  small d i f f e r e n c e s  of e f f i c i e n c y ,  s ize  and  weight .  
R e l i a b i l i t y  i s  good i n  a l l  types because of no  moving par t s  and  oppor-  
t u n i t y  f o r  conserva t ive   insu la t ion   and   conductor   a r rangements .   There  
are ,  however, c o n s i d e r a b l e  d i f f e r e n c e s  i n  p r o d u c i b i l l t y  o r  ease of manu- 
f a c t u r e .   I n   e v a l u a t i n g   w e i g h t   a n d  power  consumption, a power inpu t - to -  
weight   t radeoff  of 100 lb/kW i n p u t  was used. I f  in t h e  l i g h t  of c u r r e n t  
s y s t e m   d e s i g n   s t u d i e s ,   t h i s   t r a d e  off is cons idered  l o w ,  t h i s  would 
t e n d  t o  f a v o r  h i g h e r  e f f i c i e n c y ,  r a t h e r  t h a n  l i g h t e r  a c t u a l  w e i g h t .  
Tab le s  6, 7 ,  and 8 p r e s e n t  i n  d e t a i l  t h e  summary comparison of 
t h e  h e l i c a l ,  f l a t  a n d  a n n u l a r  pump c o n f i g u r a t i o n s .  T a b l e  9 g i v e s  a n  
i n d i c a t i o n  of how t h e  d i f f e r e n t  pump types would respond t o  s i g n i f i c a n t  
changes i n  r a t i n g .  As is  normal i n  compar isons   o f   th i s   type ,   no   one  
s i n g l e  s o l u t i o n  is  optimum. I t  is imposs ib le  to combine the   advan tages  
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of  each i n t o  o n e  c o n c e p t  a n d  a r r i v e  a t  a n  o b v i o u s ,  c l e a r - c u t  s o l u t i o n .  
The f l a t  pump o f f e r s  c o n s i d e r a b l e  ease o f  stator and  winding  des ign ,  bu t  
has a s t r u c t u r a l  w e a k n e s s  i n  i ts f l a t  d u c t  w h i c h  has to  be s u p p o r t e d  
b y   t h e  s ta tor .  I t  also is h e a v i e s t .  
The  annu la r  t ype  has  a s i m p l e  d u c t  a n d  l o w e s t . w e i g h t ,  b u t  a n  
e x t r e m e l y  d i f f i c u l t  s tator to  b u i l d ,  w i t h  s e v e r a l  unknowns and  risks. 
T h e  h e l i c a l  pump is similar to t h e  boiler feed pump p r e v i o u s l y  d e s i g n e d  
f o r  s p a c e  a p p l i c a t i o n  a n d  c u r r e n t l y  i n  hardware development  (Reference 
2 ) .  The 25 Hz helical  pump has the v e r y  d e s i r a b l e  f e a t u r e  of p e r m i t t i n g  
a c e n t e r  r e t u r n  flow a l t h o u g h  i t  is a l i t t l e  h e a v i e r .  
In o v e r a l l  r a t i n g ,  i t  is f e l t  that  the helical  pump has the  
h ighes t  p r o b a b i l i t y  of success  f ' o r  the g i v e n  d e s i g n  s p e c i f i c a t i o n s  a n d  
t h i s  s p e c i f i c  a p p l i c a t i o n .  
Based on  t h i s  d e t a i l e d  c o m p a r i s o n s t h e  e v a l u a t i o n  a n d  the  r e l a t i v e  
impor t ance  o f  some of  the q u a l i t a t i v e  f a c t o r s  ( s u c h  as c e n t e r  r e t u r n  f l o w ) ,  
t h e  25 Hz t h r e e - p h a s e  helical  i n d u c t i o n  EM pump was selected f o r  c o n d u c t i n g  
d e t a i l e d  d e s i g n  a n d  a n a l y s i s  f o r  t h i s  p r i m a r y  l o o p  a p p l i c a t i o n .  
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IV. DESCRIPTION - FINAL  DESIGN 
A .  PRINCIPLE . . OF - OPERATION 
I n  a l l  EM pumps a body f o r c e  is produced on a c o n d u c t i n g  f l u i d  by 
the i n t e r a c t i o n  of a n  electric c u r r e n t  a n d  the r e s u l t i n g  m a g n e t i c  f i e l d  
i n  the f l u i d ,  w i t h  the m a g n e t i c  f i e l d  of t h e  stator. T h i s  body f o r c e  
results i n  a p r e s s u r e  rise i n  the f l u i d  as i t  passes f r o m  t h e  i n l e t  to 
the  o u t l e t  o f  the EM pump, and is ana logous  to  the familiar fundamental  
p r i n c i p l e  o f  force on  a c u r r e n t  c a r r y i n g  c o n d u c t o r  i n  a magnet ic  f i e l d ,  
t he  o p e r a t i n g  p r i n c i p l e  o f  many common e l e c t r o m a g n e t i c  devices .  
The po lyphase  helical  i n d u c t i o n  EM pump o p e r a t e s  i n  a manner that  
i s  similar t o  a po lyphase   i nduc t ion   mo to r .  The pump c o n t a i n s  a n  e l e c t r o -  
magne t i c  stator assembly and  a d u c t  assembly i n  the s t a t o r  b o r e .  When 
power is a p p l i e d  t o  the three p h a s e  s t a t o r  w i n d i n g  a " revo lv ing"  
m a g n e t i c  f i e l d  is p r o d u c e d  i n  the stator bore. T h i s  m a g n e t i c  f i e l d  
i n d u c e s  v o l t a g e  i n  t h e  c o n d u c t i n g  f l u i d  c o n t a i n e d  i n  the d u c t ,  a n d  as 
a r e s u l t  o f  t h i s  i n d u c e d  v o l t a g e ,  c u r r e n t s  w i l l  f l o w  i n  the  f l u i d .  
These c u r r e n t s  set up a m a g n e t i c  f i e l d  which i n t e r a c t s  w i t h  t h e  magnet ic  
f i e l d  of the s ta tor  t o  p r o d u c e  a body f o r c e  o n  the f l u i d ,  c a u s i n g  i t  to 
move th rough  the d u c t  thereby d e v e l o p i n g  p r e s s u r e .  The p r e s s u r e  g r a d i e n t  
a t  a n y  p o i n t  i n  the f l u i d  is p r o p o r t i o n a l  t o  the p r o d u c t  of magnet ic  
f i e l d  s t r e n g t h  a n d  t h e  c o m p o n e n t  of c u r r e n t  d e n s i t y  p e r p e n d i c u l a r  to  
the m a g n e t i c  f i e l d  s t r e n g t h .  The to ta l  p r e s s u r e  rise developed  by t h e  
pump is the i n t e g r a l  o f  t h i s  p r e s s u r e  g r a d i e n t  o v e r  t h e  a x i a l  l e n g t h  
of f l o w  p a s s a g e s  i n  the pump d u c t .  
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B. GENERAL ARRANGEMENT 
The genera l  a r rangement  of t h e  f i n a l  h e l i c a l  EM pump d e s i g n  w i t h  
c e n t e r  r e t u r n  f l o w  is  shown i n  F i g u r e  15. This design l a y o u t  is f o r  
a basic r a t i n g  o f  30 l b / sec ,  20 p s i ,  2100'F l i t h ium,  th ree  phase ,  25 Hz, 
120  vo l t s ,  w i th  NaK c o o l a n t  h a v i n g  a n  i n l e t  t e m p e r a t u r e  of 800'F.  The 
ma jo r   pa r t s   compr i s ing   t h i s  pump are:  h e a t  e x c h a n g e r  a n d  s h e l l ,  s t a t o r ,  
pump d u c t  w i t h  c e n t e r  r e t u r n ,  thermal i n s u l a t i o n ,  a n d  c e n t e r  core i r o n .  
I n  t h e  c o n f i g u r a t i o n  shown i n  F i g u L e  15, t h e  l i q u i d  metal e n t e r s  
-che pump duct  th rough the  4.26 i n c h  i n l e t  p i p e  i n t o  a s h o r t  a n n u l a r  
reg ion ,  then  in to  and  through the  he l ica l  passage  where  pressure  is 
developed by t h e  electromagnetic body force on the  f l u i d .  Af te r  l e a v i n g  
t h e  h e l i c a l  p a s s a g e  the f l u i d  f l o w s  b a c k  t h r o u g h  t h e  c e n t e r  r e t u r n  
l e a v i n g  t h e  pump through a 4.26 i n c h  o u t l e t  p i p e  a t  t h e  same end i t  
e n t e r e d .  Low f l u i d  v e l o c i t y  i s  m a i n t a i n e d  n e a r  t h e  pump e n t r a n c e  
where  the  ne t  pos i t ive  suc t ion  head  (NPSH) i s  lowest. 
The pump is  cooled by  means of a hea t  exchange r  a round  the  pe r i -  
phery  of   the pump frame o r  s h e l l .  The hea t  exchange r  cons i s t s  of a 
mach ined  he l i ca l  pas sage ,  w i th  an  in l e t  p ipe  a t  each  end  and  an  ou t l e t  
p i p e  a t  t h e  c e n t e r  o f  t h e  pump f r a m e  r e g i o n  a d j a c e n t  t o  t h e  s ta tor .  
Heat is  conducted from the windings through the s ta tor  c o r e  t o  t h e  
frame where the heat  i s  removed  by c i r c u l a t i o n  o f  l i q u i d  metal c o o l a n t  
th rough the  hea t  exchanger .  
The stator core and windings are comple te ly  enc losed  and  sealed 
b y  the  f rame,  end  sh ie lds ,  and  a t h i n  c a n  or l i n e r  i n s i d e  t h e  s ta tor  
bore .  T h i s  enc losed  s ta tor  r e g i o n  is  f i l l e d  w i t h  a n  i n e r t  gas t o  p r e -  
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elude o x i d a t i o n  a n d  f a c i l i t a t e  h e a t  t r a n s f e r  b e t w e e n  t h e  w i n d i n g s  a n d  
t h e  s ta tor  l a m i n a t i o n s  to t h e   f r a m e .   E l e c t r i c a l  power is t r a n s m i t t e d  
t o  t h e  s ta tor  windings through hermetic  lead seals i n  t h e  pump frame. 
The  reg ion  be tween the  duc t  and  the  s ta tor  can  inc ludes  the rma l  
i n s u l a t i o n  c o n s i s t i n g  of s e v e r a l  l a y e r s  of r i p p l e d  metallic f o i l .  T h i s  
space  be tween  the  duc t  and  s ta tor  can i s  des igned  for  o p e r a t i o n  i n  a 
vacuum environment.  
C .  STATOR .~ ASSEMBLY 
The s t a t o r  c o n s i s t s  o f  a laminated punching s tack and form-wound 
c o i l s  a r r a n g e d  to form a two-po le  magne t i c  f i e ld  r evo lv ing  a t  25 revolu- 
t i o n s  per second ,   t h ree   phase   power .   Se l ec t ion   and   eva lua t ion  of t h e  
s p e c i f i c  e lectr ical ,  magne t i c  and  in su la t ing  materials for t h e  s t a t o r  
assembly were based pr imar i ly  on  pr ior  deve lopment  work done under 
g o v e r n m e n t   c o n t r a c t .   T h e   r e s u l t s   o f   t h i s  work  and  the data g e n e r a t e d  
a re  c o n t a i n e d  i n  R e f e r e n c e s  3 through 7.  
The punching s tack  cons is t s  of  magnet ic  lamina t ions  c lamped 
t i g h t l y  t o g e t h e r ,  which  provide a low r e l u c t a n c e  p a t h  for t he  rnaKtletic 
f l u x  as i n  a convent iona l   induct ion   motor  s ta tor .  The s t r e n g t h  
r e q u i r e m e n t s   f o r   t h e   s t a t o r   l a m i n a t i o n s  are  n o t   s e v e r e .  The  main 
requirement  i s  t h a t  t h e  material main ta in  i t s  h igh ly  magne t i c  charac- 
terist ics a t  i t s  opera t ing  tempera ture  which  i s  between 800 and  1000'F. 
Therefore ,   the   magnet ic  material s e l e c t e d  for t h e s e   l a m i n a t i o n s  is 
Hiperco 27 approximately 0.025 i n .  t h i c k .  F o r  t h e  c o n d i t i o n s  of 
o p e r a t i o n ,  a n d  i n  t h i s  l a m i n a t i o n  t h i c k n e s s ,  Hiperco 27 h a s  e x c e l l e n t  
m a g n e t i c  c h a r a c t e r i s t i c s ,  good the rma l  conduc t iv i ty  and  r easonab ly  
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low loss. Each l amina t ion   con ta ins  36 slots for t h e  stator winding. 
I n t e r l a m i n a r  i n s u l a t i o n  is provided by a plasma sprayed alumina 
coa t ing  on  each  lamina t ion .  This  coa t ing  will be approximately 0.001 t o  
0.002 i n .   t h i c k .  
S i g n i f i c a n t  s ta tor  core  d imens iona l  parameters  inc lude :  
Core  length 15 i n  
Bore  diamete   (punching) 9.20 
O u t s i d e  diameter (punching) 14.85 
S l o t   d e p t h  1.885 
S l o t  w i d t h  0.440 
i n .  
i n .  
i n .  
i n .  
The s t a t o r  l a m i n a t i o n s  are h e l d  t o g e t h e r  by e ight  "bui ld ing"  bars  of  
rec tangular  c ross  sec t ion  spaced  uni formly  around the  outer  per iphery  of  
the punching stack and welded a t  e a c h  e n d  t o  a w e l d i n g  r i n g  t o  form a 
t igh t ly  compressed  s t ack  of laminat ions.  The s ta tor  core h a s  a n  i n t e r -  
f e r e n c e  f i t  a t  Its o u t e r  p e r i p h e r y  w i t h  t h e  pump frame t h e r e b y  i n s u r i n g  
good hea t  t r ans fe r  f rom t h e  s t a t o r  t o  t h e  heat exchange r .  In  add i t ion ,  
two  dowel p i n s  are inse r t ed  th rough  t h e  frame i n t o  o n e  of t h e  weld ing  r ings  
t o  p r o p e r l y  p o s i t i o n  t h e  s ta tor  core. 
Form wound c o i l s  are i n s e r t e d  i n  t h e  36 slots of t h e  s t a t o r  core. 
The conductor material i s  n i c k e l - c l a d  s i l v e r  wire w i t h  a c r o s s  s e c t i o n  
i n c l u d i n g  a n  area of 20  percent   nickel .   This   conductor  material has  a n  
a c c e p t a b l e  e lec t r ica l  c o n d u c t i v i t y  a t  the  ope ra t ing  t empera tu re  r ange  o f  
1000°F t o  1200'F.  The e lectr ical  c o n d u c t i v i t y o f t h e  n i c k e l  c l a d  s i l v e r  is 
one of the major f a c t o r s  c o n t r i b u t i n g  t o  t h e  r e l a t i v e l y  h i g h  pump e f f i -  
ciency. O t h e r  cons ide ra t ions   g iven  to  s e l e c t i o n  of conduc to r   ma te r i a l   fo r  
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h i g h  t e m p e r a t u r e  o p e r a t i o n  i n c l u d e  t h e r m a l  c o n d u c t i v i t y ,  p h y s i c a l  s t r e n g t h ,  
c r e e p  a n d  r u p t u r e  s t r e n g t h ,  r e s i s t a n c e  t o  o x i d a t i o n  b o t h  d u r i n g  p r o c e s s i n g  
a n d  n o r m a l  o p e r a t i o n ,  t h e r m a l  d i f f u s i o n  s t a b i l i t y ,  a n d  t h e  ease with which 
j o i n t  f a b r i c a t i o n  a n d  o t h e r  m a n u f a c t u r i n g  p r o c e s s i n g  c a n  be accomplished.  
The n i c k e l  c l a d  s i l v e r  c o n d u c t o r  a p p e a r s  t o  best meet t h e  o v e r a l l  r e q u i r e -  
ments f o r  l o n g  time r e l i a b i l i t y .  I n  t h e  f u t u r e , a d d i t i o n a l  data on thermal  
c y c l i n g  r e q u i r e m e n t s  f o r  h i g h  t e m p e r a t u r e  o p e r a t i o n ,  c r e e p  a n d  r u p t u r e  
f a t i g u e  p r o p e r t i e s  o f  t h e  n i c k e l - s i l v e r  c o m b i n a t i o n  s h o u l d  be r e a p p r a i s e d  
i n  t h e  l i g h t  o f  a l l  r e q u i r e m e n t s .  
The g r o u n d ,  t u r n ,  a n d  p h a s e  i n s u l a t i o n  for t h e  s l o t  or stator core 
r e g i o n  w i l l  cons i s t  o f  h igh  pu r i ty  (99 .570+)  a lumina  ceramic s t r i p s  of 
s u i t a b l e  w i d t h  a n d  t h i c k n e s s .  The  arrangement  and assembly of t h e  ceramic 
g r o u n d ,  t u r n ,  a n d  p h a s e  i n s u l a t i o n  is shown i n  t h e  e n d  v i e w ,  S e c t i o n  "A-A", 
o f  t he  gene ra l  a r r angemen t  d rawing ,  F igu re  15. 
The t u r n  a n d  p h a s e  i n s u l a t i o n  i n  t h e  e n d  t u r n  r e g i o n  c o n s i s t s  of 
l a y e r s  o f  "S" g l a s s  t a p e ,  0.005 i n .  t h i c k ,  "C" weave,  with a high  tempera-  
t u r e  f i n i s h .  The 1" wide t a p e  is  a hea t   c l eaned  material ( t h e  o r i g i n a l  
b i n d e r  i s  removed by t h e  h e a t i n g )  so i t  can be subsequent ly  used  up t o  
1400OF. I t  is  t h u s   c o m p a t i b l e   w i t h   t h e   c e r a m i c  s l o t  l i n e r s   a n d   c o n d u c t o r  
s e p a r a t o r s .  
Each co i l  c o n s i s t s  of t h r e e  t u r n s  of a group of s i x  wires, e a c h  wire 
0.080 i n .  x 0.175 i n .  r e c t a n g u l a r  shape, w i t h  a 2/3 p i t c h  or 1 t o  13 s l o t  
throw.  The coi ls  are i n s e r t e d  I n t o  t h e  stator core t o  f c r m  a double  
l a y e r   a r r a n g e m e n t ,  a lso shown i n  F i g u r e  15. The 36 s t a t o r  coi ls  are 
c o n n e c t e d  t h r e e  p h a s e  ( c i r c u i t  wye) w i t h  36 t u r n s  i n  series per  phase .  
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Radia l  and  t angen t i a l  co i l  end movement due t o  e l e c t r o m a g n e t i c  forces 
i s  precluded by ty . ing each lower or o u t e r  coi l  side o n t o  a 3/16 i n .  
s e c t i o n  d i a m e t e r  s t a i n l e s s  steel r i n g  w i t h  "S" glass tape.  Movement of 
each of t h e  t o t a l  co i l  ends  enmasse is prec luded  by t h r e e  e q u a l l y  s p a c e d  
b e a r i n g  surface p a d s  w h i c h  r a d i a l l y  r e s t r a i n  a n d  p o s i t i o n  t h e  e n d  t u r n s .  
The b e a r i n g  s u r f a c e  p a d s  are shown on  Figure  15. 
D. HEAT  EXCHANGER AND F E  - 
Surrounding  the  s ta tor  core i s  t h e  pump heat exchanger and frame. 
Liquid metal coolan t ,  N a K ,  is  c i r c u l a t e d  t h r o u g h  t h e  h e l i c a l  passage i n  
the heat  exchanger  t o  remove hea t  conducted  from the  wind ings  th rough  the  
s ta tor  core. 
The material s e l e c t e d  f o r  t h e  pump frame and heat exchanger is Hns- 
t e l l o y  B. Th i s   ma te r i a l   has   adequa te   s t r eng th  a t  ope ra t ing   t empera tu re ,  
i s  a s a t i s f a c t o r y  c o n t a i n m e n t  material for  t h e  l i q u i d  c o o l a n t  (NaR)  i n  
the heat  exchanger ,  and comes q u i t e  close t o  matching  the  thermal  coef f i -  
c ien t  of  expans ion  of t h e  Hiperco 27 stator core. By matching  the  thermal  
expans ion  of  the  Hiperco  27 s ta tor  core, t h e  i n t e r f e r e n c e  f i t  between the 
hea t  exchanger  and  the  core is  e a s i l y  m a i n t a i n e d ,  p r o v i d i n g  good h e a t  
t r a n s f e r  b e t w e e n  t h e  core and heat  exchanger  a t  ope ra t ing  t empera tu re .  
Beyond t h e  e n d s  of the  hea t  exchanger ,  the  pump frame material i s  from 
Inconel .  The end   sh i e lds   and  s ta tor  "can" i n  t h e  s ta tor  bore are a l s o  
I n c o n e l   t o   s i m p l i f y   f a b r i c a t i o n   a n d   j o i n i n g .  The heat   exchanger ,   f rame,  
end shie?.ds,  and s ta tor  "can" provide a l l  welded  cons t ruc t ion  and  form a 
comple te ly   sea led   envelope   a round  the  stator co i l s  and   i ron .  The only  
p e n e t r a t i o n s  t h r o u g h  t h i s  e n v e l o p e  are t h e  h e r m e t i c  l e a d  seals t o  t r a n s m i t  
power t o  t h e  s ta tor  windings, thermocouple wells to  provide  means of 
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monitor ing s ta tor  winding  tempera ture ,  and  an  evacuat ion  p lug  t o  provide  
a means of l e a k  t e s t i n g  t h e  u n i t ,  e v a c u a t i n g  t h e  stator r e g i o n  a n d  f i l l i n g  
w i t h  i n e r t  g a s .  A l l  t h e s e  p e n e t r a t i o n s  are then   comple t e ly   s ea l ed  by 
brazed or  welded j o i n t s .  
E. DUCT -
The  T-111 duc t  des ign  is shown i n  o v e r a l l  l a y o u t  i n  F i g u r e  15. The 
a x i a l  l e n g t h  of t h e  h e l i c a l  d u c t  for  t h i s  d e s i g n  i s  approximately 18 
i n c h e s  w i t h  t h e  o v e r a l l  l e n g t h  i n c l u d i n g  i n l e t / o u t l e t  c o n n e c t o r  b e i n g  
about 35 inches.  The o u t s i d e  diameter of t h e   d u c t  i s  8.8 inches .  The 
machined h e l i x  h a s  a t o t a l  l e a d  of 6.4 i nches ,  w i th  f ive  mach ined  passages  
i n  p a r a l l e l .  C r o s s  s e c t i o n a l  d i m e n s i o n s  of t h e  machined h e l i c a l  p a s s a g e  
are a l so  shown i n  F i g u r e  15. The d u c t  is e n t i r e l y  s e l f - s u p p o r t i n g  w i t h  
t h e  i n l e t / o u t l e t  c o n n e c t i o n s  a t  t h e  same end of t h e  pump. 
F. CENTER C B  AND CORE " HEAT EXCHANGER 
Enc losed  be tween  the  he l i ca l  flow passage  and  the  cen te r  r e tu rn  p ipe  
i s  a center  i r o n  core. This  center i r o n  core cons is t s  of magnetic  lamlna- 
t ions  (washers )  of Hiperco 27 having  the  same th i ckness  and  same i n t e r -  
laminar   insulat ion as t h e  s ta tor  core laminat ions.   These  laminat ions are 
h e l d  t o g e t h e r  i n  a t i g h t  s t a c k  a n d  p o s i t i o n e d  by a key and r ing a t  each 
end. 
The c e n t e r  core i r o n  i s  t h e r m a l l y  i n s u l a t e d ,  o n  t h e  o u t s i d e ,  a n d  
cooled b y  c i r c u l a t i n g  NaK through a s t a i n l e s s  steel heat  exchanger  which 
is i n  i n t i m a t e  c o n t a c t  w i t h  t h e  core i r o n  i n s i d e  d i a m e t e r .  The h e a t  
exchange r  cons i s t s  of two c o n c e n t r i c  c y l i n d e r s  w i t h  s e p a r a t i n g  walls 
p laced  180° a p a r t  b e t w e e n  t h e  c y l i n d r i c a l  walls so as t o  d i r e c t  t h e  f l o w  
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down approx ima te ly  one  ha l f  of t h e  c y l i n d r i c a l  s u r f a c e  a n d  b a c k  t h r o u g h  
t h e  r e m a i n i n g  h a l f .  B o t h  i n l e t  a n d  o u t l e t  c o n n e c t i o n s  are l o c a t e d  a t  t h e  
same end  be tween  the  pump i n l e t  a n d  o u t l e t  c o n n e c t i o n s .  The core and core 
hea t  exchange r  are e s s e n t i a l l y  s e l f - s u p p o r t i n g  by  means of t h e  l o o p  con- 
n e c t i o n s  a n d  i n p u t  e n d  a t t a c h m e n t s .  
G. THERMAL  INSULATION 
The thermal i n s u l a t i o n  b e t w e e n  t h e  d u c t  a n d  stator " c a n "  c o n s i s t s  oI' 
s e v e r a l  l a y e r s  of l a m i n a t e d  s t r i p s  of Cb-1Zr metall ic f o i l .  T h e s e  s t r i p s  
are approx ima te ly  0.5 in .   wide  by 0.002 i n .  t h i c k  w i t h  " r i p p l e s "  a p p r o x i -  
m a t e l y  0.010 i n .  t o  0.015 i n .  d e e p .  
The t h e r m a l  i n s u l a t i o n  is a p p l i e d  d i r e c t l y  t o  t h e  d u c t  O.D. and  thus  
e x p o s e d  t o  a vacuum environment  in s e r v i c e .  H e n c e ,  t h e s e  layers o f  f o i l  
s e r v e  as r a d i a t i o n  barriers t o  t h e   h e a t   l o a d  from t h e   d u c t .   C o n t a c t  
be tween  l aye r s  is  k e p t  t o  a minimum to  minimize t h e  h e a t  l o a d  by conduc- 
t i o n ,  S i m i l a r  t h e r m a l  i n s u l a t i o n  is  also app l i ed   be tween  t h e  d u c t  I . D .  
and  cen te r  co re  O.D.,  and  be tween  the  cen te r  core heat exchanger  O.D. and 
c e n t e r  r e t u r n  p i p e  I . D .  
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V .  DESIGN  EVALUATION - FINAL  DESIGN 
A .  DESIGN  PERFORMANCE AND CHARACTERISTICS 
.~ 
The opera t ing  per formance  of  the  pump is ca lcu la t ed  th rough  the  
u s e  o f  a n  e q u i v a l e n t  c i r c u i t  as e x p l a i n e d  i n  S e c t i o n  V I ,  P a r t  A, t h e  
s o l u t i o n  of which has been programmed f o r  a d ig i t a l  compute r .  Th i s  
e q u i v a l e n t  c i r c u i t  is shown in   F igure   16 .   Per formance   curves ,  shown 
in  F igu res  17  th rough  z, and tabula ted  va lues  i n  Tables 10 and 11 i n d i -  
c a t e  o v e r a l l  c a l c u l a t e d  p e r f o r m a n c e  characteristics f o r  t h e  f i n a l  design.  
A d d i t i o n a l  c a l c u l a t e d  r e s u l t s  a n d  d e s i g n  characteristics are p resen ted  
i n  t h e  d e t a i l s  i n  T a b l e s  1 2 ,  13, 14,  15  and  16. 
I n  a d d i t i o n  t o  t h e s e  r e s u l t s ,  c e r t a i n  o p e r a t i c n s l  limits and  con- 
d i t i o n s  are necessa ry  to  in su re  sa t i s f ac to ry  ope ra t ion  th roughou t  t he  
pump's l i f e .  The p r i n c i p a l  limits are as fo l lows :  
1. Duct  and f lu id   t empera tu re  2200  "F maximum 
2 .  Sta to r   coo lan t   f ow rate - NaK 2 lb/sec minimum 
3. S t a t o r   c o o l a n t   i l e t   m p e r a t u r e  - N a K  800 "F maximum 
4 .  Duct pressure   70  psia maximum 
5 .   S t a t o r   c a v i t y   p r e s s u r e  a t  room temperature  7 to 9 p s i a  
6 .   Suc t ion   p re s su re  20 p s i a  minimum 
The l imi t a t ion  on  duc t  and  f lu id  t empera tu re  and  p res su re  i s  
pr imar i ly  one  of s t r e n g t h .  The duc t  was designed mechanical ly  to s a f e -  
l y  w i t h s t a n d  p r e s s u r e s  up to 70 p s i a  a t  2200'F maximum. From a n  
o p e r a t i o n a l  s t a n d p o i n t  t h e  pump is des igned  fo r  con t inuous  ope ra t ion  
a t  2100'F and rated f low  and  developed  pressure.  I t  is capable   of  
o p e r a t i o n  f o r  a l imited time over  the  of f -des ign  poin t  range  of  f low 
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ra te  a n d  p r e s s u r e  g i v e n  i n  t h e  pump s p e c i f i c a t i o n s  a n d  a t  temperatures  
up t o  2200°F. 
Pump l o s s e s  are  d i v i d e d  i n t o  f o u r  p a r t s :  
1. Winding I R (power) 2 
2 .   F lu id  ILR ( S l i p )  
3. I ron -hys t e re s i s   and   eddy   cu r ren t .  
4 .  Bore seal (can)   and   duc t   eddy   cur ren t  ( I  R e q u i v a l e n t )  2 
p l u s  i n s u l a t i o n  ( s m a l l ) .  
The l i m i t a t i o n  o n  s ta tor  coolan t  flow rate and temperature  is 
based on the heat 'exchanger design and a reasonable  limit o f  t h e  wind- 
ing   t empera ture   to   1200°F maximum hot  spot  and  1050°F  average.  The 
winding  and  insu la t ion  s y s t e m  is  capable  of  tempera tures  in  excess  of  
these  amounts .  However, bo th   pe r fo rmance   and   l i f e  will be a f f e c t e d .  
A l l  c a l c u l a t i o n s  are based  on  an  electrical  r e s i s t i v i t y  o f  t h e  c o n d u c -  
t o r  material a t  an  average  tempera ture  of 1050°F.  Average  temperatures 
a b o v e  t h i s  will cause  inc reased  wind ing  r e s i s t ance ,  I R (power) losses 
i n  t h e  s ta tor  windings,and lower e f f i c i e n c y .  
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The l i m i t a t i o n  o n  stator cavi ty  pressure  depends  on  both  mechanica l  
and e lectr ical  c o n s i d e r a t i o n s .  The maximum pres su re  o f  9 p s i a  a t  room 
temperature  i s  a mechan ica l   l imi t a t ion .  A t  ope ra t ing   t empera tu re   t he  
p r e s s u r e  i n  t h e  w i n d i n g  c a v i t y  i n c r e a s e s  by a f a c t o r  of almost t h r e e .  
To minimize weight ,  the f rame s t ructure  has  been mechanical ly  designed 
f o r  maximum i n t e r n a l  p r e s s u r e s  o f  a b o u t  30 p s i a .  Hence, a t  room tem- 
pe ra tu re  in t e rna l  w ind ing  cav i ty  p re s su re  mus t  be l i m i t e d  to  about  9 
p s i a .  I t  is unreasonable  to  add  weight to t h e  frame to  design i t  f o r  
u n n e c e s s a r i l y  h i g h  p r e s s u r e s .  The lower limit of 7 p s i a  is based on 
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e lec t r ica l  cons ide ra t ions .   Because   o f   r educed   a r c -ove r   vo l t age   o f   t he  
wind ing  and  in su la t ion  sys t em a t  p r e s s u r e s  below a b o u t  7 p s i a ,  i t  is 
recommended t h a t  t h i s  b e  t h e  minimum w i n d i n g  c a v i t y  p r e s s u r e  a t  room , 
t empera ture  to  p rov ide  adequa te  marg in  f o r  e lectr ical  tests d u r i n g  
manufac ture .  This  w i l l  resu1.t  i n  a p r e s s u r e  o f  a b o u t  6 p s i  above 
a tmospher ic ,  a t  o p e r a t i n g  t e m p e r a t u r e .  
The l i m i t a ' t i o n  o n  s u c t i o n  p r e s s u r e  is based  on  the  des ign  spec i -  
f i c a t i o n s  a n d  c a v i t a t i o n  c o n s i d e r a t i o n s ,  u s i n g  t h e  c r i t e r i o n  o f  r e q u i r -  
i n g  a n  NPSH of  a t  least  two v e l o c i t y  h e a d s  a t  e n t r a n c e  t o  t h e  pumping 
s e c t i o n .  T h i s  c r i t e r i o n  is e x p l o r e d   i n   R e f e r e n c e  1 and   appea r s  to be 
r e a s o n a b l y  c o n s e r v a t i v e .  
B .  .. DISCUSSION OF SIGNIFICANT PARAMETERS 
.__- - " 
There are  s e v e r a l  s i g n i f i c a n t  p a r a m e t e r s  w h i c h  were v a r i e d  i n  t h i s  
a n a l y t i c a l  s t u d y  to  d e t e r m i n e  t h e  f i n a l  d e s i g n  w h i c h  r e p r e s e n t s  a 
b a l a n c e  o f  optimum e f f i c i e n c y ,  maximum r e l i a b i l i t y ,  minimum weight  and 
p r o d u c t i o n  f e a s i b i l i t y .  The most important   parameters   once a set  of 
materials and  the  bas i c  concep t  have  been  selected, are  (1) f l u i d  p a s -  
sage cross sec t iona l   geomet ry ,  (2) d u c t  wall t h i cknesses   and  t o t a l  
magnetic  gap, (3) f requency,  (4 )  d u c t ,   f l u i d   p a s s a g e   a n d  s ta tor  dia-  
meters, (5) duc t  and  s ta tor  l eng th ,  and  (6) v e l o c i t y  a n d  s l i p  ( t h e  d i f -  
f e r e n c e  i n  r o t a t i o n a l  s p e e d  of f l u i d  a n d  m a g n e t i c  f i e l d )  as determined 
by t h e  i n t e r r e l a t i o n  b e t w e e n  f r e q u e n c y ,  f l u i d  p a s s a g e  g e o m e t r y ,  a n d  
d u c t  d i a m e t e r .  A l l  o f   t hese   pa rame te r s  were v a r i e d  o v e r  a c o n s i d e r a b l e  
r a n g e  i n  t h i s  d e s i g n  s t u d y .  S e v e r a l  h u n d r e d  c o m p u t e r  r u n s  were made t o  
cover  a m u l t i t u d e  of combinat ions of t h e s e  v a r i a b l e s .  
27 
Fundamentally a helical induct ion EM pump is a r e l a t i v e l y  low f l u x  
dens i ty  machine due t o  i ts  l a r g e  magnetic (a i r )  gap as compared with 
conventional  induction  motors.   Large  magnetizing  currents become 
necessary  to  establish the  r e q u i r e d  f l u x  l e v e l s  i n  the  gap which i n  
t u r n  r e s u l t  i n  r e l a t i v e l y  low power f a c t o r s .  Hence, i t  is desirable tu 
make the gap between the s t a to r  co re  and  cen te r  i ron  s t r u c t u r e  as small 
as poss ib l e  by keeping the thermal i n s u l a t i o n  t h i n ,  the duct walls t h i n  
and  the  f lu id  passage  he ight  small. Thin duc t  walls are a l s o  desirable 
to  r educe  I R l o s s e s  i n  t h e  d u c t  material s i n c e  t h e s e  are d i r e c t l y  pro- 
po r t ions1  to  duc t  t h i ckness .  
2 
F l u i d  v e l o c i t y  a n d  s l i p  are very important parameters and are 
e s t a b l i s h e d  by the  f lu id  pas sage  c ros s  sec t ion ,  power frequency, and 
duct diameter. Various  comrnnatlons  of  these  parameters  must be inves- 
tigated to  de te rmine  optimum values.  
I n  a study such as th is  to  de te rmine  the  bes t  des ign  which meets 
ce r t a in  spec i f i ca t ion  r equ i r emen t s ,  i t  becomes q u i t e  clear very ear ly  
in  the design phhse that no sharp optimum e x i s t s .  Because of the 
i n t e r r e l a t i o n  among so many var iab les ,  there  are several  designs which 
meet the requirements,  any one of which could be considered optimum by 
c e r t a i n  i n d i v i d u a l s .  Hence, s e l ec t ion  o f  t he  f ina l  des ign  invo lves  a 
considerable  amount of judgment and experience. 
For example, the optimum frequency for  these designs occurs  over  
a range of about 20-30 Hz. Frequencies below 20 H z  require  considerably 
larger d iameters  for  good performance, and hence result  in a much 
heavier  pump. Frequencies above 30 Hz can be made t o  have about equi- 
valent performance but their diameter is too small to permit  the pre-  
f e r r ed  cen te r  r e tu rn  f low des ign .  
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I t  is also d e s i r a b l e  to  o p e r a t e  i n d u c t i o n  EM pumps a t  r e l a t i v e l y  
h i g h  f l u i d  v e l o c i t i e s  a n d  low s l i p  for e f f i c i e n t  o p e r a t i o n .  However, 
v e l o c i t y  is limited by h y d r a u l i c  loss a n d  NPSH. I n  a d d i t i o n ,  as the 
s l i p  decreases t h e  e f f i c i e n c y  a t  the  d e s i g n  p o i n t  e v e n t u a l l y  goes through 
a maximum, s i n c e  f l u i d  ( s l i p )  l o s s  d e c r e a s e s  while  wind ing  and  duc t  
I R l o s s  i n c r e a s e s  wi th  d e c r e a s i n g  s l i p .  2 
C u r r e n t  d e n s i t y ,  a n o t h e r  i m p o r t a n t  d e s i g n  characteristic s i n c e  i t  
d i r e c t l y  a f f e c t s  w i n d i n g  t e m p e r a t u r e ,  g o e s  t h r o u g h  a minimum as the 
s l i p  is d e c r e a s e d  d u e  t o  the l o a d  component of c u r r e n t  d e c r e a s i n g  while 
the  magnet iz ing  component  1s i n c r e a s i n g .  I t  i s  desirable t o  select a 
v e l o c i t y ,  s l i p  a n d  c o r r e s p o n d i n g  flow passage  geomet ry  ( c ros s  sec t ion  
a n d  d i a m e t e r )  to  g i v e  p e a k  e f f i c i e n c y  a n d  minimum winding  cur ren t  den-  
s i t y  a t  t h e  d e s i g n  p o i n t .  S i n c e  these do  no t  occur  a t  precisely the 
same p o i n t  the  f i n a l  d e s i g n  mus t  p r o v i d e  t he  p r o p e r  b a l a n c e  between 
e f f i c i e n c y  and c u r r e n t  d e n s i t y  f a c t o r i n g  I n  h y d r a u l i c  loss and  NPSH. 
One o t h e r  itsm which  de termines  the  W a K  c o o l i n g  t e m p e r a t u r e  i s  t h e  
n i c k e l  c l a d  s i l v e r  c o n d u c t o r s ,  N i c k e l  has a C u r i e  point of about 675OF. 
Below t h i s  t e m p e r a t u r e  t h e  n i c k e l  s h e a t h  o v e r  t h e  s i l v e r  wire is magnet ic .  
I f  t h e  c o n d u c t o r s  i n  t h e  s ta tor  i r o n  a r e a  are not  above 6750F9 t h e  pump 
performance is a d v e r s e l y  affected and, i n  fact ,  could  not be r e l i a b l y  p r e -  
d i c t e d .   T h e r e f o r e ,   t h e   c o o l a n t   t e n p e r a t u r e   s h o u l d  be a t  least  600°F for t h e  
w ind ing  t empera tu re  t o  be a t  or above 675OF. 
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V I  . APPENDIX - ANALYSIS  DETAILS & FINAL  DESIGN 
A .  PERFORMANCE  CALCULATIONS - EQUIVALENT EJ"IiICAL CIRCUIT 
G e n e r a l i z e d  e x p r e s s i o n s  for power output ,  losses, pump e f f i c i e n c y .  
d e v e l o p e d  p r e s s u r e ,  a n d  o t h e r  basic character is t ics  are developed  and 
a v a i l a b l e  i n  s e v e r a l  r e f e r e n c e s  , i .e.,  References  1, 8 and 9. T o  d e s i g n  
and  ana lyze  a s p e c i f i c  EM pump these basic expres s ions  have  t o  be r e l a t e d  
t h e  s t a t o r  s t r u c t u r e ,  w i n d i n g s  a n d  d e t a i l e d  d i m e n s i o n a l  d a t a  for  t h e  
p a r t i c u l a r  c o n f i g u r a t i o n  b e i n g  c o n s i d e r e d .  I n  a d d i t i o n  o t h e r  items 
n e g l e c t e d  i n  t h e  g e n e r a l i z e d  e x p r e s s i o n s ,  s u c h  as end effects ,  f l u x  
f r i n g i n g ,  i r o n  losses, h y d r a u l i c  losses, e t c . ,  m u s t  be p r o p e r l y   t a k e n  
i n t o  a c c o u n t .  T h i s  is most r e a d i l y   d o n e   t h r o u g h  t h e  use of an c.quivnlen1 
e l ec t r l ca l  c i r c u i t  for t h e  EM pump which is t h e  same  approach  used  in  
i n d u c t i o n  motor d e s i g n .  
E a u i   v a l e n t   C i r c u i t  
T h e  e q u i v a l e n t  c i r c u i t  u s e d  i n  t h i s  d e s i g n  s t u d y  for  each  phase  of 
t h e  t h r e e  p h a s e  h e l i c a l  i n d u c t i o n  EM pump is  shown i n  F i g u r e  16. I t s  d e r i v a -  
t i o n  a n d  s o l u t i o n  are  ana logous  to  t h a t  for a n  i n d u c t i o n  motor as p r e s e n t e d  
i n  s e v e r a l  c lass ical  texts  s u c h  as Reference  10. The s o l u t i o n  of t h i s  c i r c u i t  
is used  t o  de te rmine  t h e  c o m p l e t e  p e r f o r m a n c e  c h a r a c t e r i s t i c s  for a n y  s p e c i f i c  
h e l i c a l  i n d u c t i o n  EM pump. The bas ic  e q u a t i o n s  as a p p l i e d  t . 0  any induct  i 011 
EM pump are d iscussed  i n  R e f e r e n c e s  1 and 8 .  E q u i v a l e n t  c i rcui t  parame.tcrs 
are c a l c u l a t e d  i n  terms of t h e  geometry of t h e  s p e c i f i c  pump be ing  ana lyzed .  
T h i s  c a l c u l a t i o n  of p a r a m e t e r s ,  s o l u t i o n  of t h e  e q u i v a l e n t  c i r c u i t ,  a n d  t r a n s -  
l a t i o n  of the  c i r c u i t  s o l u t i o n  i n t o  pump performance,  has been  progralamed for 
c a l c u l a t i o n  o n  a d ig i t a l  computer. 
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The complete  performance predict ion procedure used i n  t h e  c a l c u l a t i o n  
o f  h e l i c a l  i n d u c t i o n  pump performance was d e v e l o p e d  d u r i n g  t h e  p a s t  s e v e r a l  
y e a r s ,  o n  t h i s  p r o g r a m  as well as on earlier programs such as t h e  B o i l e r  
Feed EM pump. T h i s  p r o c e d u r e  t a k e s  i n t o  a c c o u n t  t h e  e n d  effects caused 
by i m p e r f e c t  e n d  r i n g s  a t  t h e  axial  extremities of t h e  pumping s e c t i o n ;  
end effects  caused by d i s c o n t i n u i t i e s  i n  e l e c t r o m a g n e t i c  b o d y  force a t  
t h e  e n d s  of' t h e  h e l i c a l  flow p a s s a g e s ;  t h e  n e g a t i v e  p r e s s u r e  g r a d i e n t  
caused by t h e  a x i a l  v e l o c i t y  of t h e  r l u i d  i n  t h e  m a g n e t i c  f i e l d ;  t h e  effect  
o f  t h e  c u r v a t u r e  o f  t h e  c o n f i g u r a t i o n  o n  t h e  m a g n e t i c  f i e l d ;  a n d  t h e  p r i n -  
c i p a l  m u t u a l  effects  of t h e  v a r i o u s  d u c t  wall, s tator c a n ,  a n d  f l u i d  c u r r e n t s .  
,O the r  r e f inemen t s  f r equen t ly  neg lec t ed  in  approx ima te  pe r fo rmance  ca l cu la t ion  
p rocedures  are a l so  i n c o r p o r a t e d   h e r e .   T h i s   p r o c e d u r e  has been  used i n  con- 
j u n c t i o n  w i t h  t h e  d e s i g n  of h e l i c a l  i n d u c t i o n  pumps, o p e r a t i v e  s i n c e  1 9 6 2 .  
H i g h l y  s u c c e s s f u l  o p e r a t i o n  of t h e s e  pumps conf i rms  t h e  v a l i d i t y  of t h e  
pe r fo rmance  p red ic t ion  p rocedure .  
F i   n a l  Des i a n   V a r i a t i o n s  
T o  d e t e r m i n e  t h e  f i n a l  d e s i g n  for t h i s  s t u d y  many d e s i g n  v a r i a t i o n s  
were run  on  the  computer. .  Basic d e s i g n  p a r a m e t e r s  t h a t  were v a r i e d  i n c l u d e d  
f r equency ,  duc t  and  s t a to r  d i a m e t e r s ,  s t a to r  s l o t  and winding geometry,  
f l u i d   v e l o c i t y ,   d u c t  flow passage  geometry,   and stator l e n g t h .   S e v e r a l  
hundred computer runs were made t o  d e t e r m i n e  t h e  p r e f e r r e d  d e s i g n  p a r a m e t e r s  
a n d  g e o m e t r y .  F o r  t h e  f i n a l  h e l i c a l  Ehl pump d e s i g n  s e l e c t e d ,  t h e  e q u i v a l e n t  
c i r c u i t  p a r a m e t e r s  i n  F i g u r e  16, based  on  compute r  ca l cu la t ions ,  are g iven  
i n  Tab le  17. 
The p a r a m e t e r s  i n  t h e  e q u i v a l e n t  c i r cu i t  u s e  s y m b o l s  d e f i n e d  i n  t h e  
Nomenclature. TWO items which may r e q u i r e  f u r t h e r  c l a r i f i c a t i o n  n r e  t he  
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l e a k a g e   r e a c t a n c e  term X and t h e  d i m e n s i o n l e s s   p a r a m e t e r  S I .  The  reac tance  
X c o n s i s t s   o f   s t a t o r   w i n d i n g   l e a k a g e   r e a c t a n c e ,   o u t e r   d u c t   w r a p p e r   l e a k a g e  
reac tance ,  and  winding  harmonic  leakage  reac tance .  
1 
1 
The   d imens ionless   parameter  s '  is a f u n c t i o n  of s l i p  a n d  t a k e s  i n t o  
accoun t  t h e  f a c t  t h a t  t h e  l i q u i d  metal is moving through t h e  he l ica l  passage 
a t  some s l i p  s ,  whi le  t h e  d u c t  s e p a r a t o r s  b e t w e e n  t h e  he l ica l  f low passages  
are s t a t i o n a r y  ( u n i t y  s l i p ) .  T h e  c u r r e n t  i n  t h i s  p a t h  flows a x i a l l y  th rough  
t h e  m o v i n g  f l u i d  a n d  t h e  s t a t i o n a r y  s e p a r a t o r s .  H e n c e  s '  can be t h o u g h t  of 
as a n  e f f e c t i v e  s l i p  v a l u e  'for t h e  f l u i d  a n d  s e p a r a t o r s  i n  series. I n  add i -  
t i o n ,  s' takes i n t o  a c c o u n t  a n  e n d  effect  where t h e  l i q u i d  metal e n t e r s  a n d  
d i s c h a r g e s  from t h e  h e l i c a l  p a s s a g e .  
C a l c u l a t e d  R e s u l t s  
T h e  c a l c u l a t e d  resu l t s  shown i n  the  pe r fo rmance  cu rves  of F i g u r e s  17 
th rough  22, a n d  t h e  d a t a  i n  T a b l e s  10 and 11, for t h e  f i n a l  d e s i g n ,  were 
o b t a i n e d  u s i n g  t h i s  e q u i v a l e n t  c i r c u i t  and  the  assoc ia ted  computer  program.  
The d a t a  c o v e r s  a l l  s p e c i f i e d  o f f - d e s i g n "  c o n d i t i o n s  o f  f l u i d  t e m p e r a t u r e ,  
flow rate ,  developed pressure, a n d  f r e q u e n c y ,  i n  o r d e r  t o  explore t h e  
maximum e x p e c t e d  pump c o n d i t i o n s .  
I?  
B. HYDRAULIC  ANALYSIS 
The computer program for t h e  s o l u t i o n  of t h e  e q u i v a l e n t  e lec t r ica l  c i r c u i t  
a n d  c a l c u l a t i o n  of pe r fo rmance  inc ludes  a c a l c u l a t i o n  of h y d r a u l i c  loss th rough  
t h e  pump, and factors t h i s  i n t o  t h e  c a l c u l a t i o n  of overa l l  pe r fo rmance .  
B a s i c a l l y ,  t h e  h y d r a u l i c  p r e s s u r e  d r o p  t h r o u g h  t h e  pump duc t  can  be  expres sed  n s ,  
Ph = 4 6  C 
Dh ( .,) + ( c2:") 
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where t h e  f i r s t  term r e p r e s e n t s  the  f r i c t i o n  d r o p  t h r o u g h  the  h e l i c a l  
passage and the second term r e p r e s e n t s  t he  h y d r a u l i c  l o s s ,  as a number  of 
v e l o c i t y  heads, i n  e n t e r i n g  t h e  helical passage ,  l eav ing  the h e l i c a l  p a s s a g e ,  
making a 180 bend i n t o  t h e  c e n t e r  r e t u r n  p i p e  and passing through the c e n t e r  0 
r e t u r n  p i p e .  F r i c t i o n  f a c t o r ,  6 ,  depends  on  Reynolds  number  and  Hartman 
number which are determined through use of  t h e  fo l lowing  basic equa t ions :  
a v D  
NR - P 
h - (B-2 )' 
(B-3) 
The h e l i c a l  p a s s a g e  i s  1.1 in. deep and has a lead of 6.4 i n .  with f i v e  
p a s s a g e s  i n  p a r a l l e l  and a 0.06 i n .  t h i c k  separa tor  be tween passages ,  thereby  
making the  ind iv idua l  f l ow passage  1 .22  in .  wide. 
Fo r  t he  f i n a l  d e s i g n  tpe s i g n i f i c a n t  p a r a m e t e r s  f o r  t h e  e q u a t i o n s  above 
are a s  fo l lows :  
D ( inches )  









v ( f t / s ec )   ( t h rough   he l ix )   25 .5  
T h e s e  d a t a  i n d i c a t e  t h a t  t h e  f l o w  t h r o u g h  t h e  h e l i x  is t u r b u l e n t .  E n t e r i n g  
a curve of 6 as a f u n c t i o n  of NR and N as p r e s e n t e d  i n  R e f e r e n c e  1, one deter- H 
mines t h e  f r i c t i o n  f a c t o r  i n  the d u c t  t o  be  approximate ly  0.0035. To account  
f o r  c u r v a t u r e  a s l i g h t l y  c o n s e r v a t i v e  v a l u e  o f  0.005 was u s e d  i n  t he  computer 
d e s i g n  c a l c u l a t i o n s .  The e n t r a n c e  and e x i t  l o s s  f a c t o r ,  h, VKLS estimated as 
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1.5 v e l o c i t y  h e a d s  based on geometry and past exper ience  wi th  sia~ilru. t y p e  
pumps. The r e s u l t i n g  n e t  h y d r a u l i c  loss at 2100°F iron1 the duct inlct 1.0 
the  d u c t  o u t l e t ,  a s  determined by compute r  ca l cu la t ion  based on  equat ion  (B-1) 
and used i n  the  o v e r a l l  p e r f o r m a n c e  c a l c u l a t i o n s ,  i s  as  f o l l o w s :  
Duct  Entrance Loss (Psi)   0 .77 
Loss Through Helical Passage   (Ps i )   2 .18
Helix E x i t  180° Bend Loss ( P s i )   1 . 5 6  
Center   R turnPipe  Loss ( p s i )   0 . 4 3  
To ta l   Hydrau l i c  Loss ( P s i )  4.94 
T h i s  l o s s  i s  shown i n  T a b l e  1 2 .  An elbow  and  reducer,   such as shown i n  
F igu re  15, and i f  needed a t  t h e  end of t h e  c e n t e r  r e t u r n  p i p e  of thc duct  to 
c o n n e c t  t o  the e x t e r n a l  l o o p ,  would add a n  a d d i t i o n a l  small l o s s .  
C. HEAT TRANSFER ANALYSIS 
Temperature of the s t a t o r  w i n d i n g  i s  a p r i n c i p a l  f a c t o r  i n  l i m i t i n g  
o u t p u t .  I t  is a f u n c t i o n  of the  l i q u i d  metal and  duct   temperature ,   winding 
cu r ren t  dens i ty ,  coo l ing  sys t em,  and  the geometry  and thermal characteristics 
of t h e  pump s t r u c t u r e .  The t empera ture  rise of the winding  can  be  determined 
through the use of a n  e q u i v a l e n t  t h e r m a l  c i r c u i t .  S o l u t i o n  o f  a n  e q u i v a l e n t  
thermal  c i rcui t  f o r  a l i q u i d  c o o l e d  helical  i n d u c t i o n  pump, w i t h  a heat ex- 
changer around the  frame a s  i n  t h i s  case, has been programmed on a d i g i t a l  
computer. The r e s u l t s  o f  c a l c u l a t i o n s  a t  the  d e s i g n  p o i n t  u s i n g  t h i s  program 
f o r  t h e  f i n a l  pump d e s i g n  d e s c r i b e d  i n  t h i s  r e p o r t  were as  f o l l o w s :  
Winding  Hot Spot Temperature R i s e  367OF 
Winding  Average  Temperature R i s e  225OF 
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These results r ep resen t  t h e  temperature rise above average coolant 
temperature.  For average NaK coolant  temperatures of 825OF the actual 
winding temperatures thus become: 
Winding Hot Spot Temperature 
Winding Average Temperature 
1192OF 
1050 OF 
These  resu l t s  are based on assuming that the e n t i r e  heat load 
flows through the s t a t o r  c o r e  to the heat exchanger, which is conserva- 
t i v e ,  s i n c e  some hea t  will be convected or radiated from the winding 
end turns .  The accuracy of these r e s u l t s  is l imi t ed  p r imar i ly  by the  
accuracy of the thermal r e s i s t i v i t i e s  u s e d  i n  the computer program, 
especially the  e f f e c t i v e  r e s i s t i v i t y  of the thermal insulat ion between 
t h e  d u c t  and  s ta tor ,  and  the electrical insulat ion between the conductors 
and  s t a to r  i ron .  These  thermal r e s i s t i v i t y  v a l u e s  are t a b u l a t e d  i n  
Sect ion E, Design Data and Physical Properties,  a t  t h e - e n d  of t h i s  
Appendix.  The values  used are somewhat conservat ive.  
The po r t ion  of duct and f l u i d  loss (hea t )  t ransmi t ted  to t h e  s t a t o r  
heat  exchanger  consis ts  of t h e  s t a t o r  ( I  R) losses p lus  the  heat loss 
from the duct through the thermal insulation. For the design point  
w i th  t h e  l i q u i d  metal a t  2100°F and an average NaK coolant temperature 
of  825OF the heat loss from the d u c t ,  s t a t o r  losses, and t o t a l  heat 
load  to  the  stator heat exchanger are as fol lows:  
2 
Heat Source Heat Loss, kW 
Loss From Duct  Through  Thermal I n s u l a t i o n  4.27 
Winding (I R) Losses 2 7.76 
Iron  Loss 2 .o 
Stertor Can Loss 0.5 - 




The t o t a l  h e a t  l o a d  t r a n s m i t t e d  t o  the  c e n t e r  c o r e  heat exchanger 
c o n s i s t s  o f  the heat from the d u c t  t h r u  the  thermal insu la t ion  and  then  
t h r u  the cen te r  co re  (p i ck ing  up any small l o s s e s  i n  the center  core)  p lus  
the  hea t  l o s s  f rom t h e  c e n t e r  r e t u r n  p i p e  t h r u  the  thermal i n s u l a t i o n .  
For the same cond i t ions  as above, the heat load to the cen te r  co re  
heat exchanger is  as follows, and i s  shown i n  T a b l e  13: 
Heat Loss from  duct t h r u  thermal 4.0 
i n s u l a t i o n  a n d  t h r u  c e n t e r  i r o n  c o r e ,  kW 
Heat Loss f rom cen te r  r e tu rn  p ipe  
th ru  the rma l  in su la t ion ,  kW 
4.0 
Tota l  Heat Load to   cen te r   co re   hea t   exchange r ,  k)P 8.0 
T h e r e f o r e  t h e  t o t a l  heat l o a d  t o  t h e  NaK coo lan t  heat exchanger system 
is 14.53 + 8 = 22.53 kW, and i s  inc luded  in  the  Per formance  Characteris- -
t i c s ,  T a b l e  1 0 .  
The h e a t  l o a d s  t h r u  the  thermal. i n s u l a t i o n  are based.on a minimum 
number of layers of the Cb - l%Zr f o i l  u s e d  as the t h e r m a l  i n s u l a t i o n .  
Since the environment  is  vacuum e a c h  l a y e r  acts, a l m o s t  e n t i r e l y ,  as a 
r a d i a t i o n  b a r r i e r .  
The minimum number of layers o f  f o i l  t o  limit t h e  r a d i a t i o n  h e a t  
l oads  to  the  above  va lues  and  the recommended  number of layers are as 
fo l lows  : 
Outs ide  duc t  
Minimum Recommended 
4 layers 8 layers 
Ins ide   duc t   and   ou t s ide   cen te r   co re  3 layers 6 l a y e r s  
O u t s i d e   c e n t e r   r e u r n   p i p e  3 l a y e r s  6 layers 
By us ing  the  recommended  number of layers the heat loads  w i l l  be 
even less than above and any possible  heat l o s s  by conduct ion will be 
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k e p t  t o  a minimum. Based on these heat loads  t h e  heat exchanger  requi re -  
ments  can  be established. T y p i c a l  c a l c u l a t i o n  is as follows. 
I f  t h e  a v e r a g e  c o o l a n t  t e m p e r a t u r e  d e s i r e d  is 825'F, t hen  for a 
c o o l a n t  i n l e t  t e m p e r a t u r e  o f  800'F the ou t l e t  t empera tu re  mus t  be 850'F 
g i v i n g  a coolant  tempera ture  rise through the  hea t  exchanger  of  50'F. 
The requi red  NaK coolan t  f low is given by: 
3413 
3600 Q =  cp AT 
where 
% = T o t a l  heat load  i n  kW 
Cp = S p e c i f i c  heat o f  NaK i n   B t u  
Q = NaK coolan t   f low rate i n   l b / s e c  
l b  "F 
Using a conse rva t ive  va lue  o f  23  kW f o r  t h e - h e a t  l o a d ,  o n e  c a l c u -  
la tes  
3413  (23) ' =( .208) (50) (3600) = 2 .1   l b / sec  
Th i s  is t h e  minimum requ i r ed  f low for t h i s  heat load  and  tempera ture  
rise. For parallel  flow wi th  i n l e t  a t  each end  of the stator heat  
exchange r  and  ou t l e t  a t  the c e n t e r ,  the recommended minimum flow is 
1.05 l b / s e c  p e r  half. 
The  50'F NaK coolan t  tempera ture  rise is approximate ly  d iv ided  
be tween  the  s t a to r  and  cen te r  co re  hea t  exchange r s  as fo l lows:  (based  
on  eq  C-1) 
*T(center   core  H .E.) = 3413 (8) = 17.4OF 





A T ( s t a t o r  H.E.) = 3414 (15) .208  (2.1)  (3600) 
The NaK coolan t  pressure  drop  through the s t a t o r  heat exchanger io 
c a l c u l a t e d  as fo l lows :  
Area of coolan t   f low  passage ,  Ac = .375 x .95 = .356 i n  2 
Hydraul ic  diameter, Dhc = 4 ( .356) = .537 i n .  
2 (1.325) 




Velocity  head, nc c = 47.6  (8.98) = .414 p s i  
2 
2g  64.4 x 144 
v D  
Reynolds number, - ' c c hc = 153,000 
NR 
U C  
For t h i s  Reynolds number, the f r i c t i o n  f a c t o r ,  6 ,  is approximately 
0.005 which g ives  a pressure  drop  through one  half t h e  heat exchanger 
of  
2 
C Y v  
ap = 46- 
Dhc 
C c c  
2i3 
= 5.58 p s i  
The e n t r a n c e  a n d  e x i t  l o s s e s  f o r  the s t a t o r  heat exchanger are 
approximately 2.74 psi .  The l o s s  t h r u  t h e  c e n t e r  c o r e  heat exchanger 
c a l c u l a t e d  i n  a similar manner i s  abou t  1 .25  ps i .  The re fo re ,  t he  total  
p res su re  d rop  th ru  the  heat exchanger is 
.APT = 5.58 + 2.74 +- 1.25 = 9.57  p s i  
To a c c o u n t  f o r  m i n o r  a d d i t i o n a l  l o s s e s  i n  t h e  series connection between 
t h e  two heat exchangers,  the heat  exchanger  requirements  can b e  e s t a b l i s h e d  
as a t o t a l  f l o w  of 2.1  lb / sec ,  a t  10 p s i  p r e s s u r e  f o r  the f i n a l  d e s i g n .  
Also of i n t e r e s t  is the  temperature rise of the pr imary  l iqu id  
metal, l i t h i u m ,  through the  EM pump duct.   For the f i n a l  d e s i g n  t h i s  is 
c a l c u l a t e d  as fol lows : 
where 
qf = t o t a l  h e a t  g e n e r a t e d  in d u c t  a n d  f l u i d  less h e a t  
t ransmit ted through t h e m 1  i n s u l a t i o n .  
qf = kWdl + kWdz + kWf + kwh - kwti 
qf = 2.48 + 1.37 + 8.15 + 1.11 - (4.37 + 4) = 4.84 kW 
3413 (4.84) 
ATf = .985  (30 X 3600) = 0.155'F 
This  rise is q u i t e  i n s i g n i f i c a n t  compared t o  t h e  2100°F f l u i d  
temperature.  Even if the heat t r ansmi t t ed  th ru  the the rma l  in su la t ion  
is ignored the temperature rise of the lithium is only .41B°F which is 
also i n s i g n i f i c a n t .  
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D. MECHANICAL  DESIGN  ANALYSIS 
This  sec t ion  of the  Appendix contains the detailed mechanical 
ana lys i s  and  ca lcu la t ions  requi red  to  ver i fy  the  s t ruc tura l  i n t e g r i t y  
of t he  he l i ca l  EM pump design shown i n  F i g u r e  15. References 11, 12, 
13, 14, 15, and 16 were used in  va r ious  pa r t s  of t h i s  analysis. 
The ca l cu la t ions  are sub-divided as fol lows for  ease of reference:  
1. Duct 
a .  O u t e r  Wrapper 
b. End  Cap 
c. Intermediate  Cylinder 
d.   Inner  Cylinder 
e. Helix 
f . Inlet/Outlet   Pipes 
g. Center  Core Heat Exchanger 
h. End Shields  










d .  
k. 
Internal Pressure 
O u t e r  She l l  - Connection End - Inconel 
Outer S h e l l  - Hastelloy B 
End Sh ie ld  - Connection End - Inconel 
Outer  She l l  - Opposite Connection End 
End Sh ie ld  - Opposite Connection End 
S t a t o r  Heat Exchanger 
S t a t o r  Heat Exchanger Wrapper 
S t a t o r  Can 
S t a t o r  Can Welds 
S t a t o r  Can End P l a t e  
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The fo l lowing  list o f  symbol s  app l i e s  t o  t h i s  Appendix  sec t ion  
o n l y  : 
c - D i s t a n c e   o f   f i b e r   f r o m   c e n t r o i d  - i n c h  
D - EL 3/12 (1 - ) - i nch - lb  2 
d - Diameter - i n c h  
E - Modulus of E l a s t i c i t y  - ps i  
I - Moment of I n e r t i a  - ( i n c h )  4 
Mo - Moment at End - i nch - lb / inch  
m - l / v  
P - P r e s s u r e  - psi 
R , r  - Radius - i n c h  
T - Temperature - OF 
Vo - Shear   Force a t  End - l b / i n c h  
a - C o e f f i c i e n t  of thermal   expansion - in/ in/ 'F  
B 
6 - D e f l e c t i o n  or expansion - i n c h  
& - D i f f e r e n t i a l  d e f l e c t i o n  or  expans ion  - i n c h  
1 - I d e n t i c a l  to  B 
V - P o i s s o n ' s   r a t i o  - dimens ionless  
0 - Stress - p s i  
S U b S C r i D t S  
-~ ~ 
1 - Refe r s  to head 
2 - Refers t o  shell 
H - H a s t e l l o y  
h - Hoop (stress) 
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- Inconel 
- Ins ide  ( r ad ius )  
- Longitudinal (stress) 
- Outside (radius)  
- Punching 
- Radial (stress) 
- Tangen t i a l  ( s t r e s s )  
1. Duct 
The duct material is T-111 a l l o y .  A t  t he  maximum temperature of 
2200°F, t he  va lue  fo r  Sm was taken as 3000 p s i .  
a .  O u t e r  Wrapper 
(1) Pr imary  Pressure  S t ress  
From Reference 11, page 268 Case 1 t he  long i tud ina l  
membrane stress is : 
PRi 70 x 4.30 0 = - =  
4 2 t  2 x .lo1 
(3 = 1490 p s i  4 
The hoop stress is  : 
‘h 4 
= 20 = 2980 p s i  
(2 )  S t r e s s  Due t o  S h r i n k  F i t  of Wrapper Over Helix 
The wrapper will ne assembled over  the hel ix  with an 
approximate  0 .002  inch  rad ia l  In te r fe rence  f i t .  From Reference 11 
page 268 Case 1, th is  rad ia l  d i sp lacement  is: 
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Subs t i t u t ing  known values:  
.uo2 = 4.35 x 1.7 
21.6 x 10 6 O -  
at = 5,842 p s i  
'h = 11,684 p s i  
(3) S t r e s s  Due to Discont inui ty  at End Cap 
From Reference 11 page 275 Case 24 the  moment due to the discon- 
t inu i ty  is : 
2 PR 2 3  h E t l  D2 
+ i- o 1 
L 
where : 
= 1.9393 in.  -1 
E t 3  D =  
12( 1- v2) 
= 469,501  in.-lb. (t = .625 in-) 
Subs t i t u t ing  Known values:  
Mo = 18.79  in-lb/in 
2R 1 D2 2 PR D2 
vO = M 0 [.. + + v) - 4 Dl (1 + v) 1 3 2  
vO 
= 57.29 lb / in  




0 = - = +11,053 psi 4 t2 
2M A 2 R  
0 Q =  
h t = 6,087 psi 
Force -
-1.932 Vo 
ut  = = -5,596 PSI 
A t2 
-2  Vo A R 
'h - t 
- = -9,570 psi (D- 10) 
(4) Stress Due to Discontinuity at Connector 
As the worst case, the outer wrapper will be assumed to be  bullt 
i n .  Thus, from Reference 12 Eqn 241: 
MO 
= P/2 B2 
vo = p/le 
B =  I (1-y2) = 1.9393 in.  -1 
\ R2 t2 
At P = 70 psi, 
MO 
= 9.306 in-lb/in 
Vo = -36.095 lb / in  
Substituting known quantities : 





(5 )  .S t r e s s  Summary - Duct Ou te r  Wrapper 
Hel ix  Area 
% *h 
P res su re  1 ,490  ps i  2,980 p s i  
S h r i n k   F i t  5 ,842 p s i  11 ,684  ps i  
These stresses are in te rdependent  and  are not  combined. A s  t h e  
pressure inc reases ,  t he  sh r ink  dec reases  as do t h e i r  stress components. 
A t  End Cap ( I D )  
Pr imary Pressure 1 ,490  ps i  2,980 p s i  
Secondary Moment 11 ,053  ps i  6,087 p s i  
Secondary Force -5,596 p s i  -9 ,570  ps i  
To ta l   6 ,947 ps i  -503 p s i  
(Primary and 
Secondary) 
A t  Connector 
A t  OD 
Pr imary  Pressure  1 ,490  ps i  
Secondary Bending -5 .474  ps i  
T o t a l  -3,984 p s i  
(Primary and 
Secondary) 
A t  I D  -
(5 c 
Pr imary   Pressure   1 ,490   ps i  
Secondary  Bending  5,474  psi 




2,980 p s i  
-4,066 p s i  
-1,086 PSl 
'h 
2,980 p s i  
-782 p s i  
2 ,198  ps i  
These stress va lues  are wi th in  accep tab le  limits. 
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b.  End  Cap 
(1) Pr imary   Pressure   S t ress  
The J tress va lues  fo r  a circular plate ,  edges supported w i t h  a 
uni form load  over  the  en t i re  sur face  are g iven  in  Reference  11 page 
194 Case 1: 
and 
r 
-3 P ro 




A t  t h e  p l a t e  c e n t e r ,  t h e  stresses are a maximum, r=o, ( tz .625  in . )  
(3 = bt = -4,100 p s i  r 
A t  t h e  p l a t e  OD, r=r 
0 
(2 )  S t r e s s  Due t o  Discont inui ty  a t  Outer Wrapper - 
From before, (eqn. D-3 and D-6) t h e  r e a c t i o n s  are: 
Mo = 18.79  in-lb/in 
= 57.29 l b / i n  
vO 
The stresses r e s u l t i n g  from these  r eac t ions  are: 
Moment -
u =  
r 
Force -
u -  
t -  
o =  r 
u = - =  -287 p s i  6 M  
t2 
0 
Vo / t = 92 p s i  
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Stress Summary - Duct End Cap 
A t  Center 
(5 U 
r t 
Primary Pressure -4,100 p s i  -4,100 p s i  
Secondary Moment -287 p s i  -287 p s i  
Secondary Force 92 p s i  .O p s i  
To ta l  -4,295 p s i  -4,387 p s i  
(Primary and 
Secondary) 
A t  OD -
'r 0 t 
Primary Pressure 0 p s i  -1,740 p s i  
Secondary Moment -287 p s i  -287 p s i  
Secondary Force 92 p s i  0 p s i  
To ta l  -195 p s i  -2,027 p s i  
(Primary and 
Secondary) 
These stress values are wi th in  accep tab le  limits. 
c. Intermediate   Cyl inder  
(1) Pr imary   Pressure   S t ress  
PR 70 x 3.20 
2 t  2 x .08 % = - =  (D-18) 
0 = -1,400 p s i  
ut = 2 u = -2,800 p s i  .c 
(2) S t r e s s  Due t o  Bending of Separa to r s  
From eqn. D-30 t h e  moment caused by the bending of  the separator  is  
M = 40.541 i n - l b  or 2.016 i n - lb / in  
The stress 
=.e - - 
u =  I, 
i n  the cyl inder  due to  t h i s  moment is, from Reference 11: 
+ - 6hf0 
t 2 
+ 1,890 p s i  - 
(D- 19) 
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G + 2hIO x2 R 
h = -  
t 
(5 = 1041  ps i  h 
(3) End Reaction 
( D- 20) 
(D- 21) 
For a cyl inder  wi th  f ixed  ends ,  ex te rna l  pressure ,  Reference  11 
g ives  the  r eac t ions  as:  see eqn. (D-11  and D-12) 
2 M~ = -P/2f3 = - .819 in - lb / in  ( D- 22) 
= PIP = 10.708  lb/ in  (D- 23) 
vO 





A t  OD A t  I D  - -
768 ps i  -768 p s i  
2 ,981 psi  2 ,521 psi  
( 4 )  S t r e s s  Summarv - Duct Intermediate   Cvl inder  
Under Helix 
P res su re  
Moment 
To ta l  
(5 
h 
-1,400 p s i  -2,800 p s i  
- +1,890 p s i  +1,041 p s i  
-3,290 p s i  -3 ,841 psi  
- 
A t  Ends - I D  a d h 
Primary Pressure -1,400 p s i  -2 ,800 psi  
Secondary Bending -768 psi  2,521 p s i  
Total -2 ,168 psi  -279 p s i  
A t  Ends - OD 
ae U h 
Primary  Pressure  -1 ,400  psi   -2 ,80  psi
Secondary Bending +768 p s i  2,981 psi 
Tota l  -632 p s i  181 p s i  
These stress values are wi th in  accep tab le  limits. 
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d.   Inner   Cyl inder  - Duct 
(1) Pr imary   P res su re   S t r e s s  
(2) End React ion 
J I n 
MO 
= P/2B2 = 1.774  in- lb/ in  
v = -P/B = -15.759 l b / i n  
0 





- A t  OD A t  I D  -
-4 ,258   ps i   4258  ps i  
-3,622 p s i   - 7 , 0 6 8   
(3) S t r e s s  Summary - Duct Inner   Cyl inder  
Ot *h 
Primary  Pressure  1 ,173  psi   2 ,346  psi  
Secondary Bending -4,258 psi  -3 ,622 psi  
T o t a l  -3,085 p s i  -1 ,276 psi  
At I D  
Pr imary   Pressure   1 ,173   ps i   2 ,346   ps i  
Secondary Bending 4,258 p s i  -1 ,068  ps i  
To ta l  5 ,431  ps i  1 ,278  ps i  







e .  Hel ix  
As a worst. case,  i t  will be assumed that the thread lead is con- 
s t a n t  a t  1 . 2 8  i n c h .  
The d i f f e r e n t i a l  p r e s s u r e  a c r o s s  e a c h  s e p a r a t o r  is: 
P x l e a d  70 x 1.28 
OP = Length 
- 
18 
AP = 2.844  ps i  
The s e p a r a t o r  is e s s e n t i a l l y  a c a n t i l e v e r  beam.  The p res su re  
causes a maximum moment of: 
hl = 2.844~1  (7.5)(1.1)(.55) = 40.541  in-lb 
c = t / 2  = .06/2 = .03 i n  
(D- 29) 
(D- 30) 
( D - 3 1 )  
3 d + Di I = bd /12 = 1/12 0 ) t3] = .4241 x 10 i n  (D-32) -3 4 
This  stress is wi th in  accep tab le  limits 
(1) Pr imary   Pressure  
(2)  End Reac t ion   (Bui l t - In)  
MO 
= P/2D2 = 5.567  in-lb/in 









The. stresses due t o   t h e s e   r e a c t i o n s  are : 
A t  OD 
-2,320 p s i  
-
(5 .e 
h (5 -1 ,973  ps i  
S t r e s s  Summary - Duct In l e t /Ou t l e t  P ipes  
A t  OD -
0 
& 
Primary Pressure 639 p s i  
Secondary Bending -2,320 psi  
To t a l  -1,681 p s i  
A t  ID -
U c 
Primary Pressure 639 p s i  
Secondary Bending 2,320 p s i  
To ta l  2,959 p s i  
A t  I D  -
2,320 psi  
-581 p s i  
0 
h 
1,278 p s i  
-1,973 p s i  
-695 p s i  
U 
h 
1,278 p s i  
-581 p s i  
These stress values  are wi th in  accep tab le  limits. 
g. Center  Core  Exchanger  Wrapper 
Pr imary Pressure (outer  wrapper)  
697 p s i  
Oh = 2u4 = 934 p s i  ( D- 40) 
End Reactions 
A s  a worst  case th i s  hea t  exchange r  is assumed t o  b e  b u i l t  
eqns.  D-11, D-12, and 11-13]. 
8 = 3.506  lb/in 
**O 
= 1.017  in- lb/ in  
Vo = -7 .131  lb/ in  
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From eqns.  D-14 and D-15 the r e s u l t i n g  stresses are: 
A t  OD A t  ID 
-1,695 p s i  1;695 p s i  






(3) Stress Summary - Center Core Heat Exchanger  Outer  Wrapper 
A t  I D  -
Primary 
Secondary 
To ta l  
- A t  OD 
Pr imary  
Secondary 
To t a  1 
These stresses 
U 4, 0 -h 
467 p s i  934 p s i  
Bearing 1,695 p s i  -425 p s i  
2,162 p s i  509 p s i  
O4, ‘h 
467 p s i  934 p s i  
Bending -1,695 p s i  -1,441 p s i  
-1,228. p s i  -507 p s i  
are wi th in  accep tab le  limits. 
(4) In l e t /Ou t l e t   P ipes   and   Inne r  Wrapper 
S i n c e  t h e  r a d i i  o f  t h e  p i p e s  a n d  t h e  i n n e r  wrapDer are less 
than that of the  outer  wrapper  the  stresses i n  these p a r t s  will be less 
t h a n  t h o s e  r e c o r d e d  i n  (3) above. 
h .  End Sh ie lds  
I n  the duc t  there are t h r e e  c i r c u l a r  e n d  shields wi th  holes  a t  
the i r  c e n t e r s  which are supported a t  the outs lde  and  ins ide  edges .  They 
are located between the outer wrapper and the in t e rmed la t e  cy l inde r ,  the 
in te rmedia te  cy l inder  and  inner  cy l inder ,  and  a t  the ends of t he  small 
heat  exchanger .  From Reference 11, page 198 cases 13 and 14, t h e  p r i -  
mary stresses i n  these end  sh ie lds  are s i g n i f i c a n t l y  less t h a n  t h e  p r i -  
mary stresses i n  the ad jo in ing  cy l inde r s .  I t  is also seen  that s i n c e  
these end  sh ie lds  are m a t e r i a l l y  t h i c k e r  t h a n  t h e  a d j o i n i n g  c y l i n d e r s  
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tha t  the  secondary .  stresses are a l s o  less than  those  i n  the  cy l inde r ;  
hence  these  end  sh ie lds  are acceptab le .  
'1 
2. Frame a n d  S t a t o r  Heat Exchanger 
The maximum stress v a l u e s  u s e d  i n  t h i s  s e c t i o n  are, based on 900°F: 
Material =X y (.2%)  Reference 
Inconel   14,900  psi 19,200  psi 3 and 6 
U U - 
Haste l loy  B 16,'600 p s i  39,300  psi. 4 a n d . 5  
a.  i n t e r n a l  P r e s s u r e  
The pump frame w i l l  b e  f i l l e d  w i t h  i n e r t  gas t o  6-9 p s i a  at room 
temperature .  During operat ion,  this  gas will become hea ted  to  a maxi- 
mum of 1050'F. This  w i l l  result i n  a corresponding pressure of: 
Po = P r -  = 9 0 (1050 + 460) 
TR 70 + 460) 
= 25.6  psla 
(D-41) 
S i n c e  t h i s  pump is des igned  to  ope ra t e  in  a vacuum, the  des ign  
p r e s s u r e  w i l l ' b e :  
P = 30 p s i  
b. Ou te r  S h e l l  - Connection End - Inconel  
PR 30 X 7 -8625. = 944 psi 
% = - =  2 t  2 x .125 
(2) React ion a t  End Sh ie ld  
-7 = 1.2966 in. -1 
E t 3  D =  
12(1-v ) 
2 
Dl = 184,676  in-lb; D2 = 4,293  in- lb  
(D-42) 
( D- 43) 
( D- 44) 
(D-45) 
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Mo - - 
S u b s t i t u t i n g  known v a l u e s  
= 69.06  in-lb/in 
MO 
"0 
= 102.15 lb / ih  <A '!. 
The stresses a t  the I D  due t o  t h e s e  r e a c t i o n s  are: 
Moment 
U .L = 7 Mo = 26,520 p s i  
2 Mo h2 R 
t ah = = 14,606 p s i  
Force -
-1.932 Vo 
_. % - x t2 
= -9,741 p s i  
-2  Vo X R 
- 
'h - t = -16,662 p s i  
(3 )  Reaction a t  Hastel lov B Junct ion 
(D- 47) 
(D- 48) 
( D- 49) 
A thermal stress is generated a t  the junct ion of  the Inconel  and 
Hastel loy B due t o t h e  d i f f e r e n t  c o e f f i c i e n t s  of thermal  expansion.  This 
d i f f e ren t i a l  expans ion  is: 
Ab = A T R (crI -aH) 
= (830)(7.8625)(8.0 X 6.6) 
( D- 52) 
Each of the two cyl inders will be de f l ec ted  a portion of t h i s  
expansion, 'In proportion to the ir  moduli of e l a s t i s i l y  . Thus : 
From Reference 12, equation 241, 
MO 
vO 
= 2 A D2 6, = 67.019  in-lb/in 
= 2 A M = 179.09 1b/in 
0 
The resul tant  stresses a t  the ID are : 
Moment 
I
0 = 6 h¶o /t 




= -25,742 p s i  
' 2  
Force -
1.932 V 




(D- 5 5 )  
( D- 56) 
(D- 57) 
(D- 58) 
A t  End Shield (at the ID) 
% 'h 
Primary Pressure  944  psi  1,887 p s i  
Secondary Moment 26,520  psi 14,606  psi
Secondary Force 
Total 
-9,741 p s i  -16,662 p s i  
17,723 p s i  -169 p s i  
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A t  Hastel lov B ( a t  the  ID) 
0 .c 0 h 
Primary  essure 944 p s i  1,887 p s i  
Thermal Moment 25,742 psi   14,174psi
Thermal Force 17,078 p s i  29,200 p s i  
Total  43,764 psi   45,261  psi  
The stress values are within acceptable  limits. The high stress 
a t  t h e  H a s t e l l o y  B junc t ion  is mainly a thermal stress. 
c. Outer   Shel l  - Hastelloy B 
(1) Primarv  Pressure  Stress  
From Equations D-42 and D-43: 
U& = 944 p s i  
= 1887  psi  
Reaction a t  Inconel Junction 
The moment and force will be equal  and opposi te  to  those in  the 
incone l   she l l .  Thus, 
Mo = 67.019  in-lb/in 
= 179.09  lb/in 
vO 
Since  the  material thicknesses  and Poisson 's  ra t ios  are the same, 
the stresses a t  t h e  ID w i l l  be: 
Moment 
a.c = 25,742 p s i  
Uh = 17,078  psi  
Force 
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(3) React ion  a t  Heat Exchanger 
For CdnSerVatiSm, the  hea t  exchange r  will b e  t r e a t e d  as f i x e d .  
Thus, 
MO 
= P/2 B2 = 8.922 i n - l b / i n  
Vo = -P/B = -23.137 l b / i k  
T h e  r e s u l t a n t  stresses are: 
f 4 
( D- 59) 
( D- 60) 
(D-61) 
S u b s t i t u t i n g  known q u a n t i t i e s :  
A t  OD At I D  - -
Q 8 
-3,426 p s i  3,426 p s i  
"h . 
-2 ,915   p s i  -859 psi 
(4) S t r e s s  Summary - Outer S h e l l  - H a s t e l l o y  B 
A t  I n c o n e l  
P r i m a r y  P r e s s u r e  
Thermal Moment 
Thermal Force 
To tal  
944 p s i  1,887 p s i  
25,742 p s i  14,174 p s i  
-17,078 p s i  -29,200 p s i  
8,608 psi -13,139 p s i  
A t  Heat Exchanger 
Q 
44 *h 
Primary  essure  944 p s i  1 , 8 8 7   p s i  
Secondary  Bending 3,426 p s i  -859 p s i  
T o t a l  - I D  4,370 p s i  1,028 p s i  
These stress values  are wi th in  accep tab le  limits 
d.  End S h i e l d  - Connection End - Inconel 
(1) Pr imary   P res su re   S t r e s s  
The stress va lues  for a circular plate ,  edges supported,  with a 
un i fo rm load  ove r  t he  en t i r e  su r face  are g iven  in  Keference  11 page 194 
Case 1. 
2 - 3Pro 
8 m t  r 






Ot = (3 m + 1) - (m + 3) - 




A t  t h e  p l a t e  c e n t e r ,  t h e  stresses are a maximum, r=o (k.438 i n . )  
= ut = -11,800 p s i  
A t  t h e  p l a t e  OD, r = ro 
- - 0  
at = -5,006 p s i  
(2) End Reaction 
From be fo re  : 
MO 
vO 
= 69.06 i n - l b / i n  
= 102.13 lb / in  
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The r e s u l t a n t  s.tresses are: 
Moment 
Qr = ut - - 
Force 
6 M / t 2  = -2 ,165   ps i  
(I = o  
t 
(3 = vo /t r = 233 psi 
- End S h i e l d  - Connection End - Inconel  
A t  ID 
'r 
P r i m a r y  Pressure  -11,800 p s i  
Sccontlary Moment -2,165 p s i  
Secondary Force 233 p s i  
To ta 1 -13,732 p s i  
A t  OU 
'r 
Pr imary   Pressure  0 p s i  
Secondary Moment -2 ,165   p s i  
Secondary Force 233 p s i  
T o t a l  -1 ,932  ps i  
ut 
-11 ,800  ps i  
-2,165 p s i  
0 psi 
-. I 3,965 psi 
ut 
-5,006 p s i  
-2 ,165  ps i  
0 p s i  
-7 ,171  ps i  
These stress va lues  a re  w i t h i n  a c c e p t a b l e  limits. 
e .  O u t e r  S h e l l  - Opposite  Connection End 
(1) Pr imary   P res su re   S t r e s s  
." " ..- - - 
U = PR/2t = 30 x 7.8625 = 944 psi c 2 x .125 
ah = 2 0 ~  = 1,888 p s i  
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( 2 )   R e a c t i o n  a t  End S h i e l d  
D = 274 ,725   i n - lb  ( t  = .500 i n  .) 
D2 = 4 2 9 3   i n - l b  ( t  = . 1 2 5   i n . )  
1 




= 5 3 . 6 2   i n - l b / i n  
= -82 .43  l b / i n  
The r e s u l t a n t  stresses a t  t h e  I D  a re :  
Moment Force  
% = 2 0 , 5 9 0   p s i  - 7 , 8 6 1  p s i  
oh = 1 1 , 3 4 0   p s i  -13 ,446  ps i  
( 3 )  Reaction a t  H a s t e l l o y  B J u n c t i o n  
. 
These stresses w i l l  b e  i d e n t i c a l  w i t h  t h o s e  a t  t h e  c o n n e c t i o n  e n d .  
( 4 )  S t r e s s  Summarv - O u t e r   S h e l l  - Opposi te   Connect ion  End 
D& 'h 
P r i m a r y   e s s u r e   9 4 4   p s i  1,888 p s i  
Secondary Moment 20 ,590   p s i 11 ,340   p s i
Secondary Force 
To t a l  
-7 ,861   p s i   - 3 ,446   p s i  
-13,673 PSI - 2 1 8   p s i  
These stress v a l u e s  a re  w i t h i n  a c c e p t a b l e  limits. 
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f.  End  Shield - Opposite  Connection  End 
(1)  Primary  Pressure  Stress 
From Reference  11,  page  198,  Case  13, the maximum  stress is : 
F 
Substituting  known  values: 
%lX 
= -9,196 psi 
(2) End Reactions 
From e( 2) these  reactions  are: 
hl :- 53.62 in-lb/in 
0 
“0 
= -82.43 lb/in. 
From  Reference  11  page  201,  Case  25  for  moment 
Substituting  known  quantities: 
A t r = r  
0 
or = 1,287 psi 
= 2,595 psi 
At  r - ri 
or = 0 
(D-71) 
(D- 72) 
at = 3,881 p s i  
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Force -
or = -Vo / t  = 165 p s i  
ut = 0 
(3) S e c o n d a r y   P r e s s u r e   S t r e s s  
From Reference 11, page  198, Case 14, t h e  maximum stress, f o r  a 
c i r c u l a r  p l a t e  w i t h  a ho le  and  un i fo rmly  load ing  a t  t h e  i n s i d e  r a d i u s ,  
is l o c a t e d  a t  t h e  i n s i d e  r a d i u s  a n d  is  
‘ma x ‘t -10 ,745  ps i  
where the uniform load is 1900 lb. 
(4 )  S t r e s s  Summary - End S h i e l d  - Opposite  Connection End 
A t r = r  
0 
‘r ut 
Pr imary   Pressure   -9 ,196   ps i -9 ,1 6 psi 
Secondary Moment 1 ,287   p s i   2 ,595   p s i  
Secondary Force 
To ta l  
A t r = r  i 
165 p s i  0 p s i  
-7 ,744   ps i-6 ,601   ps i
‘r ‘t 
P r imary   P res su re   -9 ,196   p s i -9 ,196ps i
Secondary  Pressure  -10,280 psi -10 ,280   ps i  
Secondary Moment 0 p s i  3,881 p s i  
Secondary Force 1 6 5  p s i  0 psi 
To ta l  -19 ,311  ps i  -15,595 p s i  
These stresses are w i t h i n  a c c e p t a b l e  limits. 
62 
g.   Stator   Heat   Exchanger  
( 1 )  D i f f e r e n t i a l  Thermal  Expansion  Between Heat Exchanger and Stator 
Punchings 
Assuming a AT of 650°F, t h e  r a d i a l  d i f f e r e n t i a l  e x p a n s i o n  is: 
A6 = R AT (% - $' (D- 73) 
A6 = 7.8625 x 650 (6.5 - 5.95) x loe6 = 2.8 x 10 i n .  -3 
S t r e s s  Due t o  D i f f e r e n t i a l  Thermal Exoansion 
These stresses must  be evaluated  under two condi t ions :  non- 
ope ra t ing  or room temperature  and  operating.  These two condi t ions  
impose d i f f e r i n g  methods of loading on the heat exchanger. 
A t  room temperature,  the main loading is due to the  in t e r f e rence  
f i t .   I n   a d d i t i o n ,   t h e   p r e s s u r e  is ex te rna l  a t  about 7-9 p s i .   S i n c e   t h i s  
pressure  i s  o p p o s i t e  t o  that caused by the  in t e r f e rence  f i t ,  i t  will be 
neglec ted .  
Assume r a d i a l   s h r i n k   f i t   o f  5 x inch  
R 
E CY = - (2-v) ut 
G .e = 8.978 p s i  
So lv ing  fo r  Q t 
' = 17,956 p s i  h 
(D- 74) 
Under opera t ing  condi t ions ,  the  stress due to t h e  i n t e r f e r e n c e  f i t  
will be great ly  reduced due to the  grea te r  expans ion  of the heat exchanger.  
(3) Summary - Heat Exchanger 
Some yielding of  the heat exchanger may occur during assembly; 
however, under   these  c i rcumstances,   the  stresses would be   re l ieved .  Any 
sus t a ined  stress o r  y i e l d  would no t  a f f ec t  t he  ope ra t ion  o f  t he  pump. 
Thus, these stresses are acceptab le .  
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h. S t a t o r  Heat Exchanger  Wrapper 
( 1 )   I n t e r f e r e n c e   F i t  
Assume 2 x 10 i n c h   i n t e r f e r e n c e  f i t :  
-3 
0 = E ~ / R ( ~ - v )  = 3,653  psi  
oh = 7,306  psi  
4, 
( 2 )   I n t e r n a l   P r e s s u r e   ( d e s i g n   p r e s s u r e  = 25 p s i )  
= PR/2t = 799 p s i  
4, 
ah = 2U4 = 1 ,598   p s i  




Using the method of Reference 12 (see equa t ions  59,  60  and  61): 
$ = 1.286  in .  -1 
MO 
= 7.558  in - lb / in  
Vo = -19.440  lb/ in  
The r e s u l t i n g  stresses are:  
A t  OD 
. -2 ,902  psi   2 ,902 psi  
- - A t  I D  
'h -2 ,443   ps i   -701   ps i  
( 4 )   S t r e s s  Summary - Heat Exchanger  Wrapper 
A t  I D  - U 4 'h 
Pr imary Pressure 799 p s i  1 ,598  ps i  
Secondary Bending 2 ,902  ps i  -701  ps i  
To ta l  3 ,701  ps i  897 p s i  
A t  OD - U 4 U h 
Primary Pressure 799 p s i  1,598 p s i  
Secondary Bending -2 ,902  ps i  -2 ,443  ps i  
To ta l  -2 ,103 psi  -845 psi  
These stress values  are w i t h i n  a c c e p t a b l e  limits. 
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. . . .- . " . . 
i. S t a t o r  Can 
( 1) Geometry 
The stator can  i s  a t h i n  short  tube  exposed  to iateral external 
p r e s s u r e  a n d  to  ax ia l  e x t e r n a l  p r e s s u r e  a t  one  end.   The  ends of t h e  
t u b e  are  welded t o  r e l a t i v e l y  t h i c k  c i r c u l a r  members; t h e  t u b e  is con- 
t i n u o u s l y  r e s t r a i n e d  a t  its OD and  I D  by the stator c a n  s u p p o r t  s t r u c -  
t u r e  a n d  t h e  d u c t / i n s u l a t i o n  s t r u c t u r e  r e s p e c t i v e l y .  
F i g .  D l  
rLJ C'J. J 1 - - - r e p r e s e n t s  c o n t i n u o u s  s u p p o r t  a t  OD and  I D  
" "" - - - - " - - 
" "" " . ~~ 
(2) Afla ly t i ca l   Ana lys i s  
The p rec i se  geomet ry  desc r ibed  above  (F ig .  D l ) ,  is n o t  s p e c i f i c a l l y  
a n a l y z e d  i n  l i t e r a t u r e ;  however, a r e a l i s t i c . a p p l i c a t i o n  of p r e v i o u s  
t h e o r y  will b e  p r e s e n t e d .  
T h e o r e t i c a l  s o l u t i o n  t o  t h e  q u e s t i o n  of t h e  c o l l a p s e  of t h i n  short 
t u b e s  was g i v e n  by Von Mise8 (Refe rence  11, page 318, e q u a t i o n  32) f o r  
e x t e r n a l  p r e s s u r e  i n  lateral and  axial  d i r e c t i o n s ,  a n d  w i t h  t h e  res- 
t r a i n t  that  t h e  e n d s  of t h e  t u b e  be h e l d  c i r c u l a r .  This s o l u t i o n  is; 
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P = E t  ( A + L )  r (D- 78)  
where : 
L =  
Note that a l l  geometric values are known excep t  fo r  n, t he  number 
of  lobes  tha t  the  tube  will develop  in  buckl ing .  S ince  the  can  i s  
r e s t r a i n e d  a t  i t s  OD and I D ,  i t  cannot  buckle  unt i l  the  c i rcumferent ia l  
length  of  the  can  has  been accommodated.  Each confronta t ion  of  the  
can  wi th  the  suppor t  s t ruc tu res  a t  t he  OD and I D  w i l l  compel the can 
to  deve lop  more lobes .  The sums of the radial   gaps  between  the  can 
and  the  two suppor t  s t ruc tu res  is  0.049-0.083 in. 
Based on collapse data and  p rev ious  ana ly t i ca l  s tudy ,  i t  was 
assumed that the  can  lobes  will follow the form of a s i n e  wave. As 
an approximation a t r i angu la r  conf igu ra t ion  was used, see Fig .  D2 
below. 
Figure D2 Mean d i a  . of can = 9.156 in .  
Min. OD o f  duc t / i n su la t ion  = 9.012 in. 
? - " 
h 
. . .  1 
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( 5 )  = h 2 t ( $ )  (D- 79) 
(D- 80) 
(D- 81) 
The s o l u t i o n  of equat ions  D - 7 9 ,   D - 8 0  and D - 8 1  i s :  
n = 30.662 
A = 0.9244 
C = 0.9392 
I t  can be shown t h a t  u s i n e  wave f o r  t h i s  basic dimension w i l l  
d i f f e r  less than  1% from t h e  s t r a i g h t  l i n e  t r iangular   shape .   There-  
f o r e  n was conse rva t ive ly  ta!ren as 30. 
Equation D-78 y i e l d s ,  f o r  t h e  minimum can  th ickness  of  0 .025  in . ,  
a buck l ing  p res su re  o f :  
P = 3 4 3   p s i .  
In  equa t ion  D - 7 8 ,  exp res s ion  A r e p r e s e n t s  t h e  c o n t r i b u t i o n  of t h e  
a x i a l  p ressure  and  express ion  L r e p r e s e n t s  t h e  c o n t r i b u t i o n  of t h e  
l a t e r a l  p re s su re .  I t  should  be  noted that t h e  a x i a l  p r e s s u r e  i n c r e a s e s  
the  buck l ing  p res su re ;  f o r  t h i s  example the effect  of .expression A is 
less than  2%. I t  is s e e n  t h a t  t h e  b u c k l i n g  p r e s s u r e  is more than  10 
times the  des ign  can  p res su re  of 30 p s i .  
( 3) Exper imen ta 1 Data 
Although experimental data for t h e  p r e c i s e  geometry i n  F i g u r e  
D l  i s  no t  ava i l ab le ,  u se fu l  data that s u p p o r t s  t h e  a b o v e  a n a l y t i c a l  
e v a l u a t i o n  is  a v a i l a b l e .  
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S t a t o r  c a n s  w i t h  lateral  e x t e r n a l  p r e s s u r e ,  restricted a t  the OD 
and  a t  the  e n d s  b u t  w i t h o u t  a x i a l  l o a d i n g  a n d  w i t h o u t  a n y  r e s t r i c t i o n  
a t  the I D  have  been tested. The   fo l lowing   obse rva t ions  were n o t e d :  
the cans  t ended  t o  form a 20-24 lobal sys t em.  
as  the e x t e r n a l  p r e s s u r e  was i n c r e a s e d  collapse r e s u l t s  w i th  
t h e  c a n  i n  a 4 lobe sys tem due  to  a lack of r e s t r a i n t s  a t  
the can  I D .  
e x p e r i m e n t a l  v a l u e s  for  K of 1.8 i n  e q u a t i o n  D-82 was deter- 




= K -  
where t i s  i n  m i l s  (25) 
d is i n  i n c h e s  (9.158) 
( D- 8 2 )  
The r e s u l t i n g  c o l l a p s e  p r e s s u r e  f o r  a c a n  w i t h o u t  a n y  r e s t r a i n t  
a t  t h e  I D  a n d  w i t h o u t  a x i a l  l o a d i n g  is 
P = 36.6 p s i .  
Obviously,  had the I D  been restricted to  a maximum c l e a r a n c e  o f  
.083 i n .  i n s t e a d o f  zero s u p p o r t  the can  would  not  have  settled i n t o  a 4 
lobe  sys tem and  the b u c k l i n g  p r e s s u r e  w o u l d  h a v e  b e e n  s i g n i f i c a n t l y  
h i g h e r .  
A n a l y t i c a l  e v a l u a t i o n  a n d  e x p e r i m e n t a l  o b s e r v a t i o n s  i n d i c a t e  
that the b u c k l i n g  s t r e n g t h  of the  stator can  o f  t h i s  d e s i g n  is  a d e q u a t e  
for  a n  e x t e r n a l  d e s i g n  p r e s s u r e  of 30 p s i .  
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j , S t a t o r  Can Welds 
O f  t h e  two can  welds, the  we ld -oppos i t e  t he  connec to r  end  is more 
h igh ly   l oaded .  I t  is assumed that t h e  c a n  i s  b u i l t - i n  t h e  c a n  s u p p o r t  
s t r u c t u r e  a t  the  weld.   Since  the  weld is th i cke r   t han   t he   can ,  the 
h i g h e s t  stresses will be i n  t h e  c a n  i t s e l f .  
From Reference 11, page 271, Case 9 and  F igure  D3, below. 
M = .304   Pr  t 
V = .78 P r t  
( D- 83) 
(D-84) 
x = \/. 2 4 3 (1-v)  
i - t  
F = P IT ( 2 r  + t )  
M = 1 . 0 4   i n - l b / i n  
V = 7 . 9 2   i n - l b  
A = 3.80 i n .  -1 
F = 1986 l b  
From Figure  D3, t h e  stresses a t  t h e  OD a re :  
6M F 
t 2n r t  
u = 2 + -  .e 
u = -  
h t t -2M x2 r + 2 Ar + v at 
(5 = -P r 
i- 
1 F igure  D 3  





. I  
Ut = 12,747 ps i  
oh = 9,348 p s i  
0 = -30 p s i  r 
A l l  stress v a l u e s  are w i t h i n  a c c e p t a b l e  limits. 
k. S t a t o r  Can  End P l a t e  
C o n s i d e r i n g  t h i s  e n d  p l a t e  as a u n i f o r m l y  l o a d e d  c i r c u l a r  p l a t e  
s i m p l y  s u p p o r t e d  a t  its o u t e r  e d g e ,  t h e  maximum stresses p e r  e q u a t i o n  
D - 1 6  and D - 1 7  are: 
A t  t h e  c e n t e r  of t h e  p l a t e  ( r  = 0) 
%ax = ur - ot = 3150 p s i  
A t  t h e  p l a t e  OD ( r  = ro)  
U = 1340 p s i  t 
The r o t a t i o n  a t  t h e  o u t e r  e d g e  p e r  R e f e r e n c e  11, page  194, Case 1 
3W (m-1)  ro 
2 n E m  t 
e =  3 
q = ,007 r a d i a n s  
The d e f l e c t i o n  d u e  to  t h i s  r o t a t i o n  a t  r = r is 
0 
6 = 8t  = ,0035 i n .  
( D- 8 7 )  
These  va lues  are w i t h i n  a c c e p t a b l e  limits. 
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J 
E .  .DESIGN DATA AND PHYSICAL  PROPERTIES 
. . . 
Summarv 
(References 1-7, 14,  16, 17 & 18) 
1. Lithium  Propert ies   (pr imary  f luid a t  210O0F) 
a .  electrical  r e s i s t i v i t y  19.9 $ i n .  
b .   dens i ty  26.1 l b / f t  
c .  s p e c i f i c   h e a t  0.985 Btu/lb OF 
3 
d.   thermal   conduct ivi ty  
e .  v i s c o s i t y  
o .989 W / O F  i n  
0.64 lb /hr  f t  
2 .  Duct P rope r t i e s  - T-111 a l l o y  a t  2100°F 
a .  e l e c t r i c a l  resist:1vL L~ 25.2 pi2 i n  
b .   dens i ty  0.6 l b / i n  3 
c.  thermal  conductivity 0.767 W/OF i n  
d.   thermal   coeff ic ient   of expansion 4.2 x i n / i n .  O F  
( from room temperature) 
3. Winding P rope r t i e s  
a .  e f f e c t i v e   l e c t r i c a l   r e s i s t i v i t y   o f  
conductor a t  1050°F (Ni-clad Ag) 
b. densi ty   of   conductor  
c .   e f fec t ive   thermal   conduct iv i ty  of 
conductor 
d .   e f f e c t i v e   t h e r m a l   r e s i s t i v i t y  of 
electr ical  slot  insu la t ion  (deramic  
and gas) 
4. Magnetic Material Propert ies   (Hiperco 27) 
a. dens i ty  
b. t h e r m a l   r e s i s t i v i t y  
d .  approx. core loss  f a c t o r  a t  60 Hz; 
0 .025   in .   th ick   l amina t ion  
2.32 i n .  
0.367 l b / i n .  
4.53 W / O F  i n .  
3 
108 OF in/W 
0.285 l b / i n .  




d .   t h e r m a l   c o e f f i c i e n t  of expans ion  5.96 x i n / i n  OF 
( 77°-9000F) 
5 .  Other   Des ign   Da ta   nd   P rope r t i e s  
a .  d e n s i t y   o f   I n c o n e l  0.31 l b / i n  . 
b .   d e n s i t y   o f   H a s t e l l o y  B 0.33 l b / i n .  
3 
3 
c.  e lec t r ica l  r e s i s t i v i t y   o f   I n c o n e l   c a n   4 1  Cn i n .  
a t  1000°F 
d .   e s t i m a t e d   e f f e c t i v e   t h e r m a l  resisti- 630°F  in./W 
v i t y  o f  f o i l  t h e r m a l  i n s u l a t i o n  i n  
vacuum ( u s e d  p r i m a r i l y  a s  r a d i a t i o n  
s h i e l d s )  
e .  t h e r m a l   c o e f f i c i e n t  of expans ion  of 6 .4  x lo-' i n / i n  "F 
H a s t e l l o y  B 
f .   t h e r m a l   c o e f f i c i e n t   o f   e x p a n s i o n   o f   7 . 5  x i n / i n  OF 
I nconel  
6 .  N a K  P r o p e r t i e s   ( c o o l a n t )  
a .   d e n s i t y  a t  800°F 
b .   s p e c i f i c   h e a t  a t  800°F 
c .  v i s c o s i t y  a t  800°F 
4 8 . 2   l b / f  t3 
0 . 2 0 8  B t u / l b  OF 
0 . 4 7 3  l b / h r  f t  
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Figure 1. Helical Induction W Pump with  Center  Return P l w  - 25 Hz. 
(Preliminary Design) 
Figure 2 .  He l i ca l  Induction EM Pump - 60 Hz. (Preliminary Design) 
NOTE : 
50 











XaK Coolant I n l e t  Temperature, 800OF. Design  Point  Lithium  Flow, 30 lb /sec ,  
Lithium I n l e t  Temperature, 2100OF - Lithium Ap = 20 p s i  
Flow iiate, lb/sec 
Figure 3. Performance  Curves - Helical EM Pump with  Center  Return 
(Preliminary Design) with 25 H z  PorPer Input 
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.... . . .. .. . . . . ". . - 
NOTE: NaK Coolant   In let   Temperature ,  80OOF. Design  Point  Lithium  Flow, 30 l b / s e c  
L i t  h i  um I n l e t  Temperature , 210O0F. Design Point   Li tnlum Ap = 20 psi 






0 5  10  15 20 2 5  30 35 40 
Flow  Rate,   lb/sec 
Figure  4 .  Performance  Curves - Helical EM Pump with  Center  Return 
(Pre l iminary Des ign)  with  160V Power Input.  
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SCYT'E: XaK C o o l a n t   I n l e t   T e m p e r a t u r e ,  800OF. Des ign   Po int   L i th ium  F low,  30 l b / s e c .  









0 5 , lo  1 5   2 0 2 5  30 35  40 
F l o w  R a t e ,  l b / s e c  
F i g u r e  5. Performance  Curves,  - H e l i c a l  EM Pump ( P r e l i m i n a r y   D e s i g n )  
w i t h  60 H z  Power  Input.  
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NOTE: NaK C o o l a n t   I n l e t   T e m p e r a t u r e ,   8 0 0 ° F .   D e s i g n   P o i n t   L i t h i u m   F l o w ,  30 l b / s e c .  







F I I 3 i f f i c i e n c y  
\ ~ .. . 
\ 
0 5 10 1 5   2 0   2 5  30 3 5  40 












8 5  
4 
0 
F i g u r e  6 .  Performance  Curves - Helical EM Pump ( P r e l i m i n a r y   D e s i g n )  
w i t h  1 4 0 V  Power  Input.  
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.. 
. . . . . . . . . . . . 
Figure 7. Flat Linear Induction PI Pump. (Preliminary  Design) 
NOTE: NaK Coolant I n l e t  Temperature, 80OoF. Design  Point  Lithium Flow, 30 lb/sec, 


































0 5 10 15 20 25 30 35 40 













Figure 8. Perfmmance Curves - Flat  Linear EM Pump (Preliminary 
Design) with 60 Hz Power Input. 
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I 
NOTE: NaK Coolant  Inlet  Temperature, 800OF. Design  Point  Lithium  Flow, 30 lb/sec. 


























0 5  10  15 20 25 30 35   40  
Flow Rate,  lb/sec 










Figure 9.  Performance  Curves - Flat   Linear  EM Pump (Preliminary Design) 
With  145V  Power Input. 
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I ' 55 3/16 































I I 1 I I I I I 
4 0  
0 5 10 15 20 25 30 35 40 
Flow Rate, lb/sec 
Figure 11. Performance  Curves - Annular  Linear EM Pump (Preliminary 
Design)  with 60 Hz Power Input. 
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- . - . , I_”- 
SOTE: NaK Coolant   In le t   Tempera ture ,  80OoF. Design  Point  Lithium Flow, 30 lb / sec ,  













Flow Rate, l b / s e c  
Figure  12.  Performance  Curves - Annular  Linear EM Pump (Prel iminary 










t - " 
Duct k n ~ h  = 5.0" 
Duct 
Height 5 
Efficiency = lwo 
Weight = 470# 
Figure 13. DC EM Pump - Preliminary Design Configuration. 
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\ Sect. C-C I Sect. B-B 
Figure 14. Single Phase EM Pump - Preliminary Design Configuration. 
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I I 1 
Basic  Design Rating 
30 l b / s e c s  2 0  p s i  
2100°F Lithium, 
3 Phases 2 5  Hz, 
0 
0 5 10 15 20 2 5  30 35 40 
Flow Rate, l b / s e c  












I I I 
I 3 Phase, 25 Hz, I 
120 Volts 
I 
These Curves are for 25 Hz Input 
I I I I I 
0 5 10 15 20 25 30 35 40 
Flow Rate, lb/sec 








I 1 I I 
- Note: These  Curves are for 25 Hz Input 
0 I I I I 
0 5 10 15 20 25 30 35 40 
Flow Rate, l b / s e c  
























Basic Design Rating 
30 lb/sec,  20 p s i  
2100°F Lithium, 
3 Phase, 25 Hz, 
120. Volts 
I 
Note: These Curves are for 120 Volt Input \ -
I I I 
5 10 15 20 25 30 35 40 
Flow Rate,  lb/sec 
Figure  20. Performance  Curves - Hel ica l  EM Pump - Final Design. 
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0 5. 10 15 20 25 30  35 40 
Flow Rate, l b / s e c  














Bas ic  Des ign Rat ing  
30 l b / s e c ,  20 psi, 
2100°F Lithium, 
3 Phase, 25 Hz, 
120V P wer 
- 
9 
are for 1.20 Vobt Input 
0 5 10 15 20 25 30 35 40 
Flow Rate, lbhec  
Figure  22. Performance  Curves - Helical EM Pump - F i n a l  Design. 
96 
CALCULATED  DESIGN  CHARACTERISTICS 
HELICAL INDUCTION EM PUMPS - (Preliminary Designs) 
Frequency 
Poles  
Fluid Veloci ty  
S l i p  
D u c t  Wall Thickness 
D u c t  Cross Section 
Fluid  Passage 
With Center Return 
(Fig.  1 - Preferred Design) 
25 Hz 
2 
25.3 1: t/sec 
0.49 
0.1 i n .  
8.6 i n .  OD 
1.1 in .  deep x 6.4 i n .  
l e a d  (4  p a s s a g e s  i n  
p a r a l l e l )  
S l o t s j P o l e  18 
S l o t   S i z e   0 . 4   i n  x 1 . 9   i n a p p r o x .  
S t a t o r   S i z e  14.8 i n  OD x 15 i n   l o n g
x 9 in .  bore  
Power Input  28.3 kW 
Eff ic iency  . 15.8% 
Volt Amp Input  42 kVA 
Power Factor  67% 
Winding Temp. Rise t 250'F (Average) (Above 825'F Coolant) 400'F (Hot Spot) 
Approximate  Total  Weight  970 lb. 
Approximate Overall Dimensions 16.1 i n  OD x 50 i n  l o n g  
97 
No Center Return 





0.075 i n .  
5.8 i n .  OD 
1.4 in .  deep  x 4.4 i n .  
l e a d  ( 3 ' p a s s a g e s  i n  
p a r a l l e l )  
1 2  
0.5 i n  x 2.1 i n  approx. 
12.4 i n  OD x 18 i n   l o n g  





190 OF (Average) 
310'F (Hot Spot) 
830 lb. 
13.7 i n  OD x 52 i n  long 
I 
TABLE 2 
CALCULATED  DESIGN  CHARACTERISTlCS 
FLAT  LlNEAR EM PUMP - (P re l imina ry  Des ign )  
Frequency 
P o l e s  
P o l e  P i t c h  
F l u i d  V e l o c i t y  
S l i p  
Duct Wal.1 Th ickness  
Duct Cross S e c t i o n  
F l u i d  P a s s a g e  
S l o t s / P o l e  
S l o t  S i z e  
S t a t o r  S i z e  
Power  Input 
E f f i c i e n c y  
Vol t-Amp I n p u t  
Power F a c t o r  
Winding Temperature Rise- 
(Above 825OF Coo lan t )  
Approximate Total  Weight  




6 i n .  
31.5 f t/sec 
0 -47  
0.04 i n .  
0.513 in. x 11 in. 
0.5 i n .  x 10.5 i n .  
9 
0.46 i n .  x 1.15 i n .  a p p r o x .  






250'F (Hot Spot)  
960 l b .  
15 i n .  x 3 7  i n .  x 41 i n .  
TABLE 3 
CALCULATED  DESIGN  CHARACTERISTICS 
~ ~ ~ ~~ ~ ~ ~~ 
ANNULAR LINEAR EM PUMP - (Prel iminary Design)  
Frequency 
Po les  
P o l e  P i t c h  
F lu id  Veloc i ty  
S l i p  
Duc t  Wall Thickness 
Duct Cross Section 
F lu id  Passage  
S l o t s l p o l e  
S l o t  S i z e  
S t a t o r  Size 
Power Input  
E f f i c i ency  
Volt-Amp Input  
Power Fac tor  
E s t .  Winding Temp. Rise 
(Above 825OF Coolant) 
Approximate Total Weight 




6 i n .  
28.7 It/scc 
0.52 
0 .062  in .  
4 . 3  i n .  OD 
Annulus 4.18 i n  OD x 3.18 i n  I D  
6 
0.55 i n .  x 2 in .  app rox .  






200 OF (Average) 
300'F (Hot Spot) 
720 lb .  
1 2  i n .  OD x 56 i n .  l o n g  
TABLE 4 
CALCULATED DESIGN  CHARACTERISTICS 
DIRECT  CURRENT EM PUhG (Preliminary Design) 
S e r i e s  





Magnet Flux Density 




E f f i c i e n c y  
Approx . Weight 
Max. Overall  Dimension 
100 
1 . 5  (uncompensated) 
19 ft/sec 
0.05 i n .  
1 . 7 5  in. 
5 i n .  
5 i n .  
15 .5  k i logauss  
6 .75  k i logauss  
20,000 A 
1 . 1 6  V 
23.2 kW 
19% 
470 l b  
20 i n .  
TABLE 5 
CALCULATED  DESIGN  CHARACTERISTICS 
SINGLE PHASE INDUCTION EM PUMP (Pre l iminarv  Dcsirn) 
F l u i d  Velocity 
Duct  Wall 
Duct Diameter 





Vol t -Amp Input  
Power Input  
Power Fac to r  
E f f i c i e n c y  
Approx.  Weight 
Max. Overall Dimension 
14 LL/scc 
0.065 i n .  
5.25 i n .  
0 . 7  i n .  








435 l b .  
17 i n .  
* One t u r n  c o i l  b a s i s ;  for N t u r n s ,  m u l t i p l y  c o i l  
vo l t age  by N and current by (-). 1 N 
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TABLE 6 
SUMMARY COMF'AR I SON - PRELIM1 NARY DES I GN 
PRINCIPAL CHARACTERISTICS 
Frequency  (Hz) 
Poles  
Vol i a g e  ( V) 
C u r r e n t  ( A )  
Volt-Amp I n p u t  (kVA) 
Power  Fac tor  
E f f i c i e n c y  
Power  Input  (kW) 
KWin X 100 lb/kW 
Approximate  Weight ( l b )  
Eva lua ted   Wcigh t   ( l b )  
Losses ( k\V) 
Winding Loss 
F l u i d  Loss 
Duct & Can Loss 
Average  Winding Temp. (OF) 
(825*F Coolant  Ave.  Temp .) 
















Helical Annular  
(no c e n t e r  
























( w i t h  c c n t c r  












6.49  5.8 7.65 
11.3 9.86 8.44 
3.4 6.78 4.5 
1015 1025 1050 
* P r c i c r r e d  D e s i g n  
102 
'rAnLb; 7 
SUMMARY COMPARISON - ( P r e l i m i n a r y  I k s i g n s )  
PRINCIPAL FEATURES 
"" .~ ~. 
F l a t  -
R e c t a n g u l a r  
C o n v e n t i o n a l   p r o -  
cess to  makc. 
. .. 
Two similar sec- 
t i o n s   f a b r i c a t e d  
i n d e p e n d e n t l y .  
~- ~ ~ 
C o n v e n t i o n a l   f u l l  
c o i l s  - Rigid  
Min. D i s t o r t i o n  
d u r i n g  i n s e r t i o n .  
End t u r n  s u p p o r t  
r e q u i r e d .  
"" ~~~ 
Awkward core 
a t t a c h m e n t  to 
f r a m e  . Stators 
assembled i n d e p e n -  
d e n t l y .  
Helical 
D i s c  
C o n v e n t i o n a l  
s hapc . 
-~ 
Col lve l l t iona l  
a x i a l  & r a d i a l  
res L r a i n t  . 
__ .~ . 
C o n v e n t i o n a l  
E i t h e r  bar wdgs. 
w i t h  many (~150) 
b r a z e d  j o i n t s ,  o r  
f u l l  coi ls ,  s e v e r e  
d i s t o r t i o n  d u r i n g  
i n s e r t i o n .  End 
t u r n  s u p p o r t  
r e q u i r e d  - l o n g -  
est e n d  t u r n s .  
C o n v e n t i o n a l  
c a n n e d   c o n s  t . 
Good s h r i n k  f i t  - 
core t o  frame. 
A n n u l a r  
R e c t a n g u l a r  
U n c o n v e n t i o n a l  
r e q u i r e s  d e v e l o p -  
m e n t .   L e a d s  a t  
OD o n l y .   F l e x i b l e  
T u r n   I n s u l .   C u r v e d  
Ceramic PCS. hlay 
b e   r i g i d ,  good 
s u p p o r t  o n c e  ulnde. 
~~ ~- 
Core a t  I n c I u w n t  t o  
frame p o s e s  prob- 
l e m .  S h r i n k   f i t  
weak f o r  h e a t  
t r a n s f e r  - Wdgs. 




SUMMARY COMPARISON - ( P r e l i m i n a r y  D e s i g n s )  
" .- ____ 
PRINCIPAL FEATURES 
F l a t  -
R e c t a n g u l a r  p a s -  
s a g e .   F l a t  
s h e e t s  - n o t  s e l f  
s u p p o r t i n g .  
S t a t o r s  p r o v i d e  
s u p p o r t .   T h e r m a l  
i n s u l a   t i o n   l o a d e d .  
d i f ' l i c u l t  d e s i g n  
problem a 1  e n d s .  
B u c k l i n g  p o s s i b l e .  
F r i c t i o n  i n h i b i t s  
some d u c t  m o t i o n .  
No c e n t e r  core 
r e q u i r e d .  
~ ~ ~~~~~ 
L e a s t  f a v o r a b l e  
s t r u c t u r e  a n d  
s h a p e .   S t a t o r s  
removable  w/o 
c u t t i n g  d u c t .  
S i m p l e s t  w i n d i n g .  
Hel ical  
" 
F i n n e d  c y l i n d r i c a l  
conf  ig. S e l f -  
s u p p o r t i n g  d u c t .  
Complex  f ab r i ca -  
t i o n .  Complex 
f l o w  p a s s a g e .  
S i m p l e  c e n t e r  
m a g n e t i c  core- 
was h e r s .  Ccn lcr 
r e t u r n  f l o w  
p o s s i b l c  i n  25 
Hz d e s i g n  w i t h  
9 i n .  b o r e  - p e r -  
m i t s  s i m p l e r  
s tator removal  
a n d  e l i m i n a t e s  
t h e r m a l   e x p a n s i o n  
stresses. 
- 
E x p e r i e n c e  g a i n e d  
o n  B o i l e r  F e e d  
Pump. Most 
e s t a b l i s h e d  
d e s i g n  c o n c e p t .  
Mos 1 complex 
duc  t . Mos L 
l a v o r a b l c  s l a  1 0 1 .  
s t r u c t u r c .   I I i g h -  
e s t  p r o b a b i l i t y  
of s u c c e s s  Tor 
t h e s e  r a t i n g s .  
Annu la r  
C o n c e n t r i c  
c y l i n d e r s .   S i m p l e  
i n   f o r m .   S e l f  
s u p p o r t i n g .  
S i m p l e s t  F a b r i c a -  
t i o n .  Awkward 
c e n t e r  tllagnct i c  
c01-c- la lnina t i o n s  
e x l e n d  a x i a l l y  - 
t l i fT icu1  L t o  
s u p p o r t   a n d  
a s s c m b l e .  
" - - ." . ". - " . . " _  
No p r i o r  
e x p e r i e n c e .  
S i m p l e s t   d u c t  , 
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TABLE 9 
Flow Decrease to 
Pressure  Increase to 














CALCULATED  PERFORMANCE CHARACTERISTICS - HELICAL INDUCTION EM PUMP 
F I NAL DES I GN 
F l u i d  
F l u i d  T e m p e r a t u r e  (OF) 
Flow Rate ( l b / s e c )  
D e v e l o p e d  P r e s s u r e  ( p s i )  
Poher O u t p u t  (kW) 
Power   Input  (kW) 
E f f i c i e n c y  (%) 
Volt-Amp I n p u t  (kVA) 
P o w e r   F a c t o r  (7%) 
Weight  (lb) 
.Winding   Tempera ture  Rise - Hot S p o t  (OF) 
Winding   Tempera tu re  Rise - Average (OF) 
Heat Exchanger  Requ i remen t s*  
- Flow ( l h / s e c )  
- P r e s s u r e   D r o p  (psi) 
- T o t a l  Heat Load (kW) 
- Coolant I n l e t   T e m p e r a t u r e  (OF) 
















* Heat e x c h a n g e r  l o a d  i n c l u d e s  heat transferred f rom hot 
l i t h i u m   w h i c h  is p r o p e r l y   n o t   c h a r g e d  t o  pump e f f i c i e n c y .  
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TABLE 11 
DETAILED ELECTRICAL  DESIGN  CHARACTERISTICS 
~ CALCULATED ~ "_ VALUES AT DESIGN POINT (FINAL  DESIGN) 
~ ~ 
Efficiency (%) 16 
Power Factor (%) 68 
.Line Current (A) 
Line Voltage (V) 
Losses and Power Requirements 
- Stator  Winding I R (kW) 2 
200 
120 
7 . 8  
- Iron Loss (kW) 2 .o 
- Stator Can Loss  (kW) 0.5 
- Duct Loss (kW) 3.9 
- Hydraulic Lqss (kW) 1.1 
- Fluid (Slip) Loss (kW) 
- Total  Losses (kW)* 
- Output (kW) 
- Input  (kW) 
- Input (kVA) 
Slip 
Winding  Current  Density (A/in ) 
Tooth Peak Flux Density  (kilogauss) 
Yoke Peak Flux  Density (kilogauss) 
Center Iron Peak Flux Density  (kilogauss) 













* Charged to Power Input 
1 0 7  
TABLE 12 
HYDRAULIC DESIGN  CHARACTERISTICS - ~~ 
Duct Helix 
Duct Wall Thickness 
Helix Flu id  Passage  
Center Return Tube 
Cooling Passage 
Duct Dimens ions (Final  Design)  
8 .6  in .  OD 
0.80 i n .  
1.1 in.   deep x 6.4  in .   lead 
3.3 i n .  I D  
4.42 i n .  I D  (Outer tube)  
3.92  in.  OD ( Inner tube)  
Calculated Values a t  Design Point (Final Design) 
Ve loc i ty   o f   F lu id   i n He l ca l  Duct ( f t /sec)   25.5 
Ve loc i ty  Head o f   F l u i d   i n  Helical Duct (ps i )   1 .84  
Ve loc i ty  i n  Center   Re u n  P ipe( f t / s c )  19.5 
Veloc i ty  Head of F l u i d   i n  Center Return   P ipe   (ps i )  1.1 
Tota l   Hydr ul ic  Loss t h r u  Duct ( p s i )  4.9 
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TABLE 13 
DETA I LED THERhML DES 1 GN CHAItACTER 1 ST I CS 
CALCULATED  VALUES  AT  DESIGN POINT (FINAL DESIGN) 
Winding Hot Spot Temperature R i s e  (OF) 
Winding Average Temperature  Rise (OF) 
Heat  Load  from Helical Duct  through Thermal  
I n s u l a t i o n  (kW) - to  S t a t o r  
t o  C e n t e r  Core 
T o t a l  Heat Load to  Coolant  (kW) 
Heat Load from C e n t e r  r e t u r n  p i p c  Lhru theL*nlal 
i n s u l a t i o n  (kW) 
Heat  Load t o  S t a t o r  Heat Exchanger (kW) 
Heat Load t o  C e n t e r  C o r e  Heat Exchanger (kW) 
T o t a l  Heat Load t o  NaK Coo lan t  (kW) 
Coo lan t  (NaK) I n l e t   T e m p e r a t u r e  (OF) 
Coolan t  (NaK) Flow R e q u i r e d   ( l b / s e c )  
Coo lan t  (NaK) P r e s s u r e  Drop ( p s i )  
Coo lan t  (NaK) Temperature Rise Through  S ta to r  
Heat Exchanger (OF) 
Coo lan t  ( NaK) Tempcra tur ' c  Itisc thru CcnLer C O I X ~  
Heat Exchanger ( "F) 
Coo lan t  ( N a K )  To ta l   Tempera tu re  Rise (OF) 
Heat Genera t ed  i n  Duct  a n d  F l u i d  (kW) 
Flu id  (L i th ium)  Tempera tu re  Rise (OF) 
367 
225 

















DETAILED MECHANICAL  DESIGN CHARACTEIiISTICS (PRESSUliE) 
CALCULATED  VALUES  DUE TO PRESSURE LOADING (FINAL DESIGN) 
F r a m e  S t r u c t u r e  
- D e s i g n  P r e s s u r e  
- Maximum P r i m a r y  Hoop Stress i n  Frame 
- Maximum Stress i n  End S h i e l d  - Conn.  Ehd 
- Maximum S t r e s s  i n  End S h i e l d  - Opp.  Conn.  End 
- Maximum B e n d i n g  S t r e s s  i n  Frame 
( P r i m a r y  P r e s s u r e  + Secondary  Bend ing)  
Duct 
- D e s i g n  P r e s s u r e  
- Maximum P r i m a r y  Hoop Stress i n  Duct 
- Maximum S t r e s s  i n  End Cap (Primary Bending)  
- Maximum B e n d i n g  S t r e s s  i n  D u c t  
( P r i m a r y  P r e s s u r e  + Secondary  Bend ing)  
30 p s i  
1 900 p s i  
14 000 p s i  
13 700 p s i  
17 700 p s i  
70 p s i  
2 980 p s i  
4 100 p s i  
7 000 p s i  
110 
, . . ... .. . .. . . . . . .. 
TABLE 15 
. DETAILED ~ WEIGHT ~ CHARACTERISTICS 
CALCULATED  VALUES - FINAL DESIGN 
" ~ 
- Magne t i c  Core 
- Winding 
- Frame  and Heat Exchanger  
- M i s c e l l a n e o u s  - End S h i e l d s ,  c a n  
s u p p o r t   e x t e n s i o n s ,  e tc .  
333 l b  
226 l b  
113 l b  
130 l b  
Duct 
- Helical Duct  and  Wrapper 110 l b  
- C e n t e r   M a g n e t i c  Core a n d  Heat Exchanger  78 l b  
- C e n t e r   R e t u r n   F l o w   P a r t s  30 l b  
T o t a l   W e i g h t  
Nozzle Connections to L i t h i u m  a n d  NaK Loops 
1 020 l b  
10 l b  
111 
TABLE 16 
POWER SUPPLY REQUIREMENTS 
FINAL DES I GN - HELICAL . EM ~ PUMP " " ~ _  WITH-  C-E-NTER-  RETURN 
D e s i g n   P o i n t   F l o w  Rate a n d   T e m p e r a t u r e  (30 lb/scc ai 2100°F) 
a t  20 p s i ,   d e v e l o p e d   p r e s s u r e  
V o l t a g e  
C u r r e n t  
P o w e r   I n p u t  
Volt-Amp I n p u t  
a t  26 p s i ,   a e v e l o p e d   p r e s s u r e  
V o l t a g e  
C u r r e n t  
Power   Input  
Volt-Amp  Input  
a t  1 4   p s i ,   d e v e l o p e d   p r e s s u r e  
V o l t a g e  
C u r r e n t  
P o w e r   I n p u t  
Vol t-Amp I n p u t  
O f f  D e s i g n   P o i n t   F l o w  Rates ( e x t r e m e  p o i n t s )  a t  2100°F  
35 l b / s e c  a t  10 p s i  d e v e l o p e d  p r e s s u r e  
V o l t a g e  
C u r r e n t  
Power   Input  
Vol t-Amp I n p u t  
10 l b / s e c  a t  10 p s i  d e v e l o p e d  p r e s s u r e  
V o l t a g e  
C u r r e n t  
P o w e r   I n p u t  
Vol t-Amp I n p u t  
112 
1 2 0  v 
200 A 
2 8  kW 
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NASA-Langley, 1970 - 22 E-5484 
I 
(REFER TO FIGURE 16) 
(ohms) 
(ohms) 
(ohms) 
( ohms) 
(ohms) 
(ohms) 
(ohms) 
(ohms) 
(ohms) 
(ohms) 
6.9  
0.07 
0.106 
12.1 
2.31 
0.015 
0.19 
0.008 
3.63 
0.316 
0.486 
0.498 
200 
69 
113 
